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Abstract
Genomic hallmarks of self and non-self in antiviral immunity
By
Owen Templeton Tuck
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Jennifer A. Doudna, Chair
Professor Michael A. Marletta

Professor James K. Nunez

Viruses are fundamental drivers of cellular evolution. Myriad immune systems evolved
to combat viral infections, but these systems face a fundamental challenge:
distinguishing self from non-self. Immune systems must mount a potent response to
infection, but immunity must be specific and target only pathogens or infected cells.
Nonself immune responses run the dire risk of autoimmunity. How do organisms
evolve specific immune systems? This work explores two widespread immune
systems in prokaryotes, CRISPR-Cas and Hachiman, to understand how molecular
solutions evolved to address the core constraint of autoimmunity. These studies reveal
that DNA topology manipulation and genome integrity sensing represent connected
mechanisms for specifically targeting non-self.

How do CRISPR-Cas adaptive systems avoid autoimmunity? CRISPR immune
systems capture DNA fragments from mobile genetic elements and integrate them into
the host genome as templates for RNA-guided immunity. The Cas1-Cas2 integrase is
responsible for driving adaptation and must therefore distinguish self from non-self,
but the mechanism was unclear. My biochemical and structural analyses reveal that a
Cas1-Cas2/exonuclease fusion (trimmer-integrase) performs intricate DNA topological
manipulations to protect and remove a precursor motif (PAM) that serves as an
immunological tag distinguishing self from non-self.



Most natural immune systems are innate rather than adaptive, and many recently
discovered systems encode helicases. While helicases sense pathogen-associated
nucleic acids in eukaryotic immunity, their prokaryotic roles remain understudied. |
characterized the widespread Hachiman system using in vivo assays, biochemistry,
cryo-EM, and phylogenetics, demonstrating it functions as a nuclease-helicase
complex (HamAB). HamB acts as a sensor helicase that detects DNA damage,
triggering allosteric activation of the HamA nuclease to degrade cellular DNA.
DNA-damaging agents activate Hachiman without phage presence, indicating this
system monitors genome integrity as a proxy for infection. | propose a thresholding
model explaining how Hachiman-like systems avoid autoimmunity and achieve
broad-spectrum defense.

In addition to core immunity mechanisms, | discovered regulatory layers controlling
immune responses. Gene context analysis revealed coevolving regulatory gene pairs
acquired by multiple immune systems that encode a specific protease that activates a
partner pro-nuclease to trigger genome destruction. This analysis was extended to
identify caspase-nuclease (canu) family systems. Canu confers antiviral defense
through a pathway reminiscent of eukaryotic caspase activation. This study
demonstrates how modularity and effector exchange drive immune evolution and sets
the stage to uncover key events in caspase evolution.

These findings establish genome integrity sensing as a paradigm of prokaryotic
immunity with broad evolutionary implications. The Hachiman helicase shares ancestry
with critical eukaryotic helicases including Ski2 and Brr2, suggesting origins of
eukaryotic regulatory strategies in immunity. Modular evolution revealed through
nuclease-protease pairs and canu systems demonstrates how immune components
evolve as interchangeable units, accelerating adaptation and presenting a new avenue
for discovery. Our ability to trigger immune activation without viral presence challenges
traditional models of immune specificity and reveals these systems may monitor
cellular homeostasis rather than directly detecting pathogens. This work establishes
molecular signatures of non-self in the genome across diverse immune systems and
informs our understanding how antiviral defenses function and evolve.



To my parents, Suzanne and Andy Tuck.
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Chapter 1

Introduction



1.1 Self and non-self

How do organisms repel predators and harmful substances while protecting and
nourishing themselves? These essential functions are provided by an overlapping set
of pathways collectively referred to as the immune system. All cellular lifeforms are
thought to use immune systems of some kind. To work appropriately, an organism’s
immune system must define the boundary between itself and its environment, and it
must also distinguish between normal host components and the machinery of invaders
like viruses should they infiltrate the inner sanctum of the cell. The task of immunity is
therefore defining cellular identity, both externally and internally. The cell must
distinguish self from non-self to survive.

The concept of immune selfhood and cell identity emerged in the nascent period of
immunology with Metchnikoff' and found its formal articulation a century later with
Janeway?. Since then, the immune self has become an organizing principle guiding
molecular immunology. Immune systems are now known to primarily function by
recognition of biomolecules uniquely present in foreign entities like pathogens. These
motifs are known as pathogen-associated molecular patterns, or PAMPs®. In humans
and many other animals, for example, a subset of toll-like receptors (TLRs) bind
specifically to lipopolysaccharide, a ubiquitous molecular pattern found in the
membrane of gram negative bacteria®. RIG-I-like (Retinoic acid-inducible gene I-like)
receptors (RLRs) are another class of sensory proteins that detects the accumulation of
double-stranded ribonucleic acid (dsRNA), a common replication intermediate of
viruses attempting to hijack the host cell’. In the case of TLRs, RLRs, and numerous
other immune components, the PAMP is an invariant, highly evolutionarily conserved
structure, maximizing the spectrum of immune reactivity. Upon detection of the
pathogen-associated signal, a set of downstream functions are activated in a cascade
of immunological signalling, culminating in responses ranging from recruitment of
specialized cells to the site of infection to altruistic self-destruction to halt pathogenic
replication®’. Invading entities respond in kind to host immunity, evolving variants of
recognized structures and deploying their own repertoire of defenses to deactivate host
immunity®. The back-and-forth between host and pathogen is commonly analogized as
an ‘arms race’ or a ‘struggle.” Detection of non-self drives the evolution of immune
genes, organisms, and ecosystems.
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1.2 Identity crisis

Several additional, recently discovered functions of immune systems prompt revision to
the self/non-self model. Difficulties began when it was discovered that natural killer
cells respond to missing self proteins and other stress signals in neighboring cells®,
using solely self cues as direct signals for activation. Principles of immunity in response
to changes in self have since been extended to encompass a wide range of immune
reactions to so-called damage-associated molecular patterns, or DAMPs'®. DAMPs are
endogenous biomolecules in the host organism that are thought to release during
stress, trauma, or infection and signal ‘danger’ to the host. Like PAMPs, dedicated
pattern recognition receptors are thought to bind DAMPs to initiate a downstream
response’’. One example of a DAMP from human biology is the cytokine IL-1a. If IL-1a
is detected outside its ‘normal’ location in the nucleus, the cognate receptor IL-R1
activates a cascading inflammatory response to target the causative injury: skin
epithelial cells produce this cytokine constitutively to provide a rapidly deployable
‘alarm’ in case the barrier to the self is breached'?. Despite some unresolved
controversy over the precise nature of DAMP signalling’®, the emergence of a self-only
mode of sensing calls into question the very nature of immune discrimination.

One consequence of pattern-based discrimination is that self and non-self are not
absolute categories but endpoints on a continuum of molecular similarity. Autoimmune
responses manifest when the immune system mistakes self (or damaged self) for
non-self, harming the fitness of the host organism'. For example, in cases of rheumatic
fever, antibodies against cell surface antigens of the causative bacterial pathogen
cross-react with structurally similar proteins in cardiac tissue, redirecting the immune
response against the host's own heart'. In this case, the antigen is similar enough to
self that the immune system cannot reliably distinguish between them. The very
existence of autoimmunity reveals that self/non-self discrimination operates on
thresholds tuned by evolution for population-level fitness, rather than the level of
individuals™. Moreover, if self/non-self discrimination is imperfect even in complex
vertebrate adaptive immune systems, it invites deeper questions about how simpler
immune architectures, like those found in bacteria, handle the same problem.

What qualifies as self in a world we now appreciate as replete with symbiosis and
commensalism? Within animals, for instance, reside a vast reservoir of microbes',
many of which provide beneficial functions for the host like nutrition™ and pathogen
resistance’®. Do microbes residing within animals constitute an extended form of self?
Or are microbiome members merely tolerated in immune-privileged areas? Consider
also that nearly all cells harbor mobile genetic elements, the ‘alternative’ class of
evolving biological entities that includes viruses and transposons. In many cases, these
‘invaders’ help resist other infections and contribute to genetic diversity in their hosts®.
In fact, domesticated retroviral machinery is responsible for the evolution of the
placenta in mammals®', and latent viruses are now thought to have contributed to
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expansion of brain size in our hominid ancestors®. Clearly, immunology must adapt to
an increasing ecological sensibility within the cell, within the organism, and beyond.

The immune self appears increasingly amorphous in an interconnected biological
world. The self/non-self dichotomy is powerful, but uncritical adoption of its inherent
metaphysical reductionism risks obscuring the nuances that animate complex and
important immune interactions. In this work, | describe new mechanisms of immune
sensing that deepen conceptions of immune self.
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1.3 Ancestral immunity

This discussion has thus far considered immunity exclusively in the context of
mammals, and even within that narrow frame major aspects that would be essential for
a more comprehensive treatment have been omitted: the distinction between innate
and adaptive immunity®, clonal selection®, and tolerance®, to name a few. But the
challenge of self/non-self discrimination is not unique to animals.

Immune identity must have emerged very early in the evolution of life. Immune genes
are found in all cellular organisms, from eukaryotes, the organelle-bearing domain to
which we humans belong, to prokaryotes, the vast superdomain of unicellular,
organelle-free microbes encompassing archaea and bacteria like Escherichia coli.
Immune genes comprise 7% of all human protein-coding genes®, while in bacteria,
this figure may lie well over 5% on average?’. Amazingly, despite billions of years of
evolution separating our common ancestor, a significant fraction of immune systems in
eukaryotes and prokaryotes are remarkably similar in structure and function?®?2°. These
parallels are too numerous, and the phylogenetic evidence too convincing, to attribute
to evolutionary convergence alone®. Rather, deep conservation of immune
components reflects their outsize contribution to cellular fitness and the constant threat
posed by infection throughout the history of life on Earth. That immune machinery has
been so faithfully conserved across billions of years of evolution speaks to the absolute
necessity of immunity for what Francois Jacob called “the dream of every cell: to
become two cells™".

The existence of bona fide prokaryotic immune systems, much less systems with
homology to those of eukaryotes, is a recent development and area of active research.
At the advent of molecular biology, hints of immune self/non-self discrimination
mechanisms appeared in work on exclusion systems by Luria and Human®. These
systems were later found to comprise the most abundant immune systems in all
prokaryotes, restriction modification systems (RM), which function by methylating DNA
motifs in the host genome to mark self and inhibit cognate nuclease that recognize the
unmodified, non-self sequence®. Later, CRISPR-Cas systems (clustered, regularly
interspaced short palindromic repeats, CRISPR-associated) were found to function in
an adaptive fashion®**, recording non-self sequences in a genomic ledger that guides
nucleases to cleave matching sequences®* (discussed in greater detail in Chapter 2).
Additional loci, like various abortive infection modules and toxin-antitoxin systems®,
were also found to protect against prokaryotic viruses. Still, these systems were largely
understood as isolated, rather than components of a conserved immune system and
logic.

The full scope of prokaryotic immunity only came into focus with the maturation of
comparative genomics and sensitive computational methods for detecting remote
homology. Pioneered by Koonin, Aravind, and colleagues® and later extended by
Sorek*!, Bernheim*?, Gao*, and others, this work revealed the depth and breadth of the
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prokaryotic immune repertoire. For example, signaling NTPases of the STAND
superfamily (signal transduction ATPases with numerous domains)**, TIR
(toll-interleukin receptor) domains®, and cGAS-like (cyclic GMP-AMP synthase-like)
receptors are also encoded in prokaryotic genomes**. Subsequent molecular
characterization revealed that these shared domains function similarly despite immense
phylogenetic distance from their eukaryotic homologs. That such components are
found not only across the eukaryotic kingdoms but also archaea and bacteria points to
an ancient immune system that predates the divergence of the major domains of life.
Indeed, ancestral reconstructions of the genome content of LUCA, the last universal
common ancestor of all extant cellular lifeforms, suggest the presence of at least a
CRISPR-Cas system and likely many other immune functions*. Over the past five
years, the emergence of de novo structural prediction and comparison methods have
deepened this realization®®®', revealing homologies too distant to detect by sequence
alone. These methods enable reconstruction of how immune mechanisms have been
inherited, shuffled, and repurposed across billions of years of evolution.
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1.4 Bacteriophages

Bacteriophages (phages) are bacterial viruses that form the driving force behind the
evolution of prokaryotic immune systems'. Phages are by far the most abundant
biological entities on Earth. An estimated 10®'" phages populate the biosphere,
outnumbering their 10°° bacterial hosts 10:1%2. In the case of lytic phages that kill their
hosts, 10s or 100s of phage progeny can be produced from a single initial virion.
Consequently, phage infection is a major cause of bacterial mortality: in marine
ecosystems, up to 40% of bacteria are thought to succumb to phage infection every
day®®. Phage may account for as much as 15% of the daily turnover of biomass on
Earth>*. Considering their lethality, the ecology of phage-host interactions is more
nuanced than binary predator-prey dynamics. In the human gut, for example, lytic
phages are rare®™. Most phages persist as dormant prophages integrated into bacterial
genomes, excising and entering the lytic cycle only under specific conditions.
Prophages are found in nearly every bacterial genome, yet their biology remains
understudied relative to their lytic counterparts®®. This imbalance likely obscures much
of the true landscape of phage-host coevolution.

1.5 Pan-immunity

Despite deep ancestry of immune systems between prokaryotes and eukaryotes, there
are several differentiating features of prokaryotic immune systems that merit special
consideration. Most striking is the density and diversity of defense systems encoded
within a bacterial and archaeal single genome. A typical bacterium may harbor
restriction-modification systems, CRISPR-Cas loci, abortive infection modules, and
numerous other defenses simultaneously*. This redundancy must have evolved in light
of an adaptive advantage. Individual defense systems are often effective against only a
subset of phages, and phages in turn evolve counter-defenses that can neutralize any
single line of defense. Thus, a broad immune arsenal hedges against the functional and
genetic diversity of the viral world®’.

Modularity is a dominant evolutionary mechanism driving the diversification of antiviral
immune systems in prokaryotes - despite their astonishing diversity, systems draw
from a relatively small pool of conserved protein domains*®°%%° These conserved
domains often encode different effector mechanisms and exchange rapidly to enable
rapid diversification of immune loci®®®'. Much remains unknown about the emerging
principle of modularity in immune evolution: how individual modules function across
different genetic contexts, what consequences their exchange has for immune activity,
and why certain modules recur in certain systems and not others. In the final chapter of
this work, | make a case for using modularity as a means of linking otherwise divergent

immune systems through the shared mechanisms of their component parts.

'Archaea are technically infected by archaeal viruses. Archaeal viruses are equated to phages here for
simplicity.
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As in the eukaryotic world, reactive prokaryotic immune systems carry risks. Defense
systems are known to activate in response to host-encoded, self cues. CRISPR-Cas
systems, for example, occasionally acquire spacers from self rather than from invading
mobile genetic elements, licensing cleavage of the host genome®. Abortive infection
systems, which use programmed cell death or stasis to curb infection, kill or arrest the
host cell. Expression of these systems is protective against phages, but carries the
high cost of spurious activation®. One consequence of the tradeoff of carrying a large
immune arsenal is that systems are frequently lost from microbial genomes over short
evolutionary timescales®. In fact, immune operons are some of the most dynamic
genes after mobile genetic elements themselves, contributing up to 90% of
intraspecies variation in Vibrio cholerae, for instance®.

Rapid immune turnover is balanced by acquisition. Antiphage immune systems spread
through horizontal gene transfer (HGT); they are often found on plasmids, transposons,
and phages themselves®. The tendency for prokaryotic immune loci to cluster in
genomic 'defense islands' enriched with mobile elements is the basis for the recent
acceleration in their identification*’. The functional consequence of mobilizeable
immune hotspots is relevant at the population-level. No single cell encodes all possible
defenses, but the ‘pan-genome’ of a bacterial population, including different species
compatible for HGT, collectively harbors a vast, accessible reservoir of immune
systems®. This ‘distributed diversity’ ensures that at least some members of the
population carry an effective defense, and that survivors may propagate fit immune
systems relevant to the local phage context. Immunity in prokaryotes is thus an
emergent feature of populations shaped by the interplay of selection, horizontal
transfer, and relentless coevolutionary pressure.
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1.5 This dissertation

In this dissertation, | describe three studies that investigate how prokaryotic immune
systems sense threats, discriminate self from non-self, and diversify through modular
exchange of functional components.

Faithful acquisition of new immune memories is essential for CRISPR-Cas adaptive
immunity, yet the mechanisms ensuring self/non-self discrimination during this process
remain incompletely understood. In Chapter 2, | present cryo-EM structures and
biochemical analyses of a CRISPR  trimmer-integrase, a natural
Cas1:Cas2-exonuclease fusion that coordinates DNA capture, trimming, and
integration. These analyses reveal how an immunological tag called the protospacer
adjacent motif (PAM) is retained and the spacer processed. The PAM sequence is
cleaved prior to genome integration, marking spacers as self and preventing
autoimmune targeting, representing a new, DNA topological mechanism for
self/non-self sensing.

Chapter 3 turns to Hachiman, a widespread antiphage defense system whose
mechanism was previously unknown. | show that Hachiman is a nuclease-helicase
complex in which the sensor helicase unleashes cell kiling upon detection of
infection-associated self DNA damage, an echo of the DAMP-sensing paradigm
discussed above. The Hachiman helicase is also suggested as a putative ancestor of
an important family of helicases in eukaryotes.

In Chapter 4, | describe the mechanism of nuclease-protease gene pairs, an effector
module, that has been repeatedly and independently exchanged between otherwise
unrelated antiphage immune systems. | show that the nuclease is a proenzyme
activated by its partner protease. Then, | show how modular inheritance enables the
discovery of new immune loci, an approach | term “guilt-by-modularity”. This strategy
led to the discovery of caspase-nuclease, or canu, immune systems with functional
parallels to caspase-mediated immunity in eukaryotes.

Together, these studies illuminate how prokaryotic immune systems solve problems of
self/non-self discrimination, autoimmunity, and diversification. Solutions to these
problems are often shared across the domains of life.



Chapter 2

Genome expansion by a CRISPR trimmer-integrase

This chapter is adapted from: Wang, J.Y.*, Tuck, O.T.*, Skopintsev, P.*, Soczek, K., Li,
G., Al-Shayeb, B., Zhou, J., and Doudna, J. (2023). Genome expansion by a CRISPR
trimmer-integrase. Nature 618, 855-861.

* these authors contributed equally

J.Y.W. conceived the project and designed experiments with O.T.T., P.S., G.L. and
JAD. JYW, OTT, G.L. and J.Z. performed protein purification and in vitro
biochemistry. P.S. performed cryo-EM data collection with K.IM.S. and O.T.T. P.S.,
O.T.T. and K.M.S. generated cryo-EM maps and built atomic models with input from
J.YW. B.A.-S. identified the CRISPR-Cas locus of interest and performed
bioinformatics experiments. O.T.T., J.Y.W. and J.A.D. wrote the manuscript with input
from all of the authors.
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2.1 Abstract

CRISPR-Cas adaptive immune systems capture DNA fragments from invading mobile
genetic elements and integrate them into the host genome to provide a template for
RNA-guided immunity®®. CRISPR systems maintain genome integrity and avoid
autoimmunity by distinguishing between self and non-self, a process for which the
CRISPR-Cas1:Cas?2 integrase is necessary but not sufficient®®”". In some microbes, the
Cas4 endonuclease assists CRISPR adaptation’®”®, but many CRISPR-Cas systems
lack Cas4™. We show here that an elegant alternative pathway in a Type I-E system
employs an internal DnaQ-like exonuclease (DEDDh) to select and process DNA for
integration using the protospacer adjacent motif (PAM). The natural
Cas1:Cas2-exonuclease fusion (trimmer-integrase) catalyzes coordinated DNA capture,
trimming and integration. Five cryo-EM structures of the CRISPR trimmer-integrase,
visualized both before and during DNA integration, show how asymmetric processing
generates size-defined, PAM-containing substrates. Before genome integration, the
PAM sequence is released by Cas1 and cleaved by the exonuclease, marking inserted
DNA as self and preventing aberrant CRISPR targeting of the host. Together, these
data support a model in which CRISPR systems lacking Cas4 use fused or
recruited”’® exonucleases for faithful acquisition of new CRISPR immune sequences.

2.2 Introduction

Prokaryotes use CRISPR-Cas (clustered regularly interspaced short palindromic
repeats, CRISPR associated) adaptive immune systems to create a sequential genetic
record of infection””. Transcription and processing of CRISPR sequence arrays, which
consist of short repeats and ~30 base pair (bp) foreign DNA-derived spacers®®7879
yields mature CRISPR RNAs (crRNAs) that guide interference of matching genetic
material, protecting the host against recorded sequences® %%,

The Cas1:Cas2 integrase drives CRISPR array evolution by selecting and inserting new
spacers®®®, Cas1,:Cas2, is a heterohexameric complex that specifically recognizes
DNA fragments (protospacers) containing a ~30 bp segment with short single-stranded
3’ overhangs®*®#¥ . In DNA-targeting CRISPR systems, protospacer selection requires a
flanking 2-5 bp sequence known as the protospacer adjacent motif (PAM), which is a
key component used to distinguish self from non-self and evade autoimmunity. The
PAM is selected during DNA capture, but is removed before host genome integration.
Coordinated selection and removal of the PAM ensures Cas interference modules
target true invasive elements instead of the host CRISPR array’" %%,

Diverse mechanisms of PAM selection and removal underscore the importance of the
PAM for maintaining both adaptive immunity and genome integrity during CRISPR
sequence acquisition’*"*%92_|n CRISPR systems including type II-B, some type V, and
type I-A, -B, -C, -D, and -G, the Cas4 endonuclease performs PAM selection and
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processing’#739%% However, ~40% of CRISPR subtypes lack Cas4™. In Cas4-less
systems such as the type I-E system in the common laboratory E. coli K12 strain, Cas1
contains a PAM-binding pocket which is believed to play a role in protospacer
precursor (prespacer) selection”>®. However, whether Cas1 cleaves the PAM in a
similar manner to Cas4 or relies on host nucleases to perform this function remains
unclear®. Recent in vitro studies identified host exonucleases capable of aiding
Cas1:Cas?2 in prespacer substrate trimming’>’®%. Standalone exonucleases such as
the DnaQ-like exonuclease class DEDDh are widespread ancillary components present
in every CRISPR-Cas type™. There are also Type I-E systems containing a natural
Cas2-DEDDh exonuclease fusion’*%%, further implying a functional link between
exonucleases and the CRISPR integrase. These systems provide a model for studying
coordination between host exonucleases and the CRISPR integrase.

Here, we reconstitute CRISPR sequence capture, processing, and integration by a
naturally occurring Megasphaera NM10_related Cas1:Cas2-DEDDh complex. We show
Cas1:Cas2-DEDDh preserves the PAM during prespacer processing and the first step
of integration. The PAM is removed before completing full integration. The DEDDh
active site, rather than Cas1¥, is responsible for both initial 3' overhang trimming and
PAM removal. This mechanism is distinct from that of Cas4, which cleaves the PAM
endonucleolytically, suggesting a divergent role for host exonucleases in PAM
processing”. The integrase regulates DEDDh exonuclease activity by a ruler-guided,
‘gatekeeping’ mechanism that coordinates processing and defines the length of
integrated DNA. Cryo-electron microscopy (cryo-EM) structures of Cas1:Cas2-DEDDh
bound to prespacer DNA with or without the PAM show how Cas1:Cas2 recognizes the
sequence and protects it from DEDDh-mediated trimming. Conformational analysis of
half-integration structures suggests that, once anchored into the CRISPR array, DNA
bending engages the C-terminal region of Cas1, which in turn exposes the PAM for
removal, enabling full integration. Our findings provide a general mechanism for
exonuclease-assisted PAM processing and demonstrate that CRISPR systems evolved
diverse mechanisms to ensure robust immunity against parasitic elements and avoid
autoimmunity.

2.3 Results
2.3.1 Cas1:Cas2-DEDDh substrate generation

CRISPR adaptation relies on the recognition, capture and processing of suitable DNA
integration substrates from foreign sources (Fig. 2-1A). These integration substrates
(prespacers) require nucleolytic processing to generate fragments of uniform length. To
investigate the predicted exonuclease domain of Cas2-DEDDh, we expressed and
purified Cas1 and Cas2-DEDDh from a type |I-E Megasphaera NM10_related CRISPR
system and tested DNA substrate processing in vitro (Fig. 2-1B). The size of spacers in
the Megasphaera CRISPR array and preferences of the related I-E E. coli Cas1:Cas2
integrase suggest the preferred substrate is a 23-bp DNA duplex with 5-nt
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single-stranded 3' overhangs®®. To test DNA processing, we assayed Cas1 and

Cas2-DEDDh trimming activity using 5' fluorophore-labeled prespacer substrates
containing a 23-bp duplex region and extended single-stranded 3' overhangs of
varying lengths. Cas1 and Cas2-DEDDh each exhibit nuclease activity in isolation,
yielding distinct products without apparent functional relevance (corresponding with
partial cleavage or complete trimming of the 3' end, respectively). Only the
reconstituted Cas1:Cas2-DEDDh complex generates substrates equivalent in size to
spacers in the host CRISPR array (Fig. 2-1B). Variation of substrate sizes showed the
integrase requires a 23-bp duplex for functional processing (Supplementary Fig. 2-1A,
B). We next tested whether the DEDDh active site is responsible for processing activity
by using a catalytically inactive DEDDh mutant (D132A). DNA cleavage assays
indicated that the mutant complex does not process prespacers (Fig. 2-1C). Taken
together, these data demonstrate that the complete Cas1:Cas2-DEDDh complex is
necessary for prespacer processing and that the DEDDh active site provides the
requisite nucleolytic activity.
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Figure 2-1. Cas1-Cas2/DEDDh processes prespacers to the correct size for integration and
protects a TT PAM. A) Open questions in CRISPR adaptation. B) Processing of fluorescently labelled
prespacer substrates with a 23 bp duplex and different overhang lengths by Cas1:Cas2-DEDDh down to
5-6-nucleotide (nt) single-stranded 3' overhangs. Prespacer 1 (PSP1), 23 bp duplex with 5-nucleotide 3’
overhangs; prespacer 2, 23bp duplex with 15-nucleotide 3' overhangs. The star indicates the
6-carboxyfluorescein label. C) WT and mutant Casi1:Cas2-DEDDh (DEDDh(D132A)) prespacer

processing. D) Processing of substrates with variable 3' overhangs and the model of observed PAM
protection and ruler-guided trimming by the DEDDh domain.

Time-course assays suggest similar processing efficiencies for prespacer substrates
with varying overhang lengths (Supplementary Fig. 2-2A-D). Fluorescently labeled
prespacers were incorporated into an integration target plasmid (pCRISPR) containing
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a shortened version of the natural Megasphaera CRISPR array. Kinetic analysis implies
higher relative integration efficiency with the canonical substrate (23-bp duplex with
5-nt single-stranded 3' overhangs) compared to prespacers with extended overhangs.
Reaction with the canonical substrate generated ligation products after 2 min, while
prespacers with extended overhangs required 10 min for detection. Thus,
Cas1:Cas2-DEDDh provides a molecular ruler against which DEDDh trims prespacers.

To determine the effect of the PAM, we varied the overhanging region, generating a
small prespacer library against which the PAM could be inferred (Fig. 2-1D). We
determined that Cas1:Cas2-DEDDh recognizes 5-TT in the PAM position. In the
absence of a TT PAM, DEDDh trims prespacer strands to the integration-competent
size (28 nt). However, the presence of a TT PAM in the correct position (nucleotide
positions 29 and 30 relative to the 5 end) results in partial trimming of the
PAM-containing strand, precisely 3 nt away from the PAM, yielding a 33 nt product. We
hypothesized that partial trimming was the result of sequestration by a PAM binding
pocket in Cas1?’.

2.3.2 Cas1 binds the PAM and blocks DEDDh trimming during prespacer processing

We next sought to elucidate the structural basis for prespacer processing and PAM
protection. Cryo-EM was used to solve 3.1 A and 2.9 A resolution structures of
Cas1:Cas2-DEDDh complexed with prespacer substrates with and without a TT PAM,
respectively (Fig. 2-2A-D). The Megasphaera Cas1:Cas2 retains the canonical
heterohexameric architecture®, with two Cas1 dimers (denoted Cas1 and Cas1’, aor b
subunit) bridged by a central Cas2 dimer (Fig. 2-2A). A 23 bp duplex sits atop the
complex, while 5 nt single stranded 3' overhangs extend into the clefts formed at
opposite Cas1 interfaces. The DEDDh domain could not be resolved in the PAM-absent
dataset, presumably due to a high degree of conformational flexibility conferred by the
38 amino acid linker between DEDDh and Cas2, and because all 3' ends are buried
within the complex, protected from exonuclease activity (Fig. 2-2C). In the
PAM-containing dataset, however, the DEDDh domain was resolved by iterative
classification and three-dimensional refinement (see Supplementary Fig. 4 and the
Methods section).

14


https://paperpile.com/c/RqqCfx/Jo6AN
https://paperpile.com/c/RqqCfx/nm8iV

spacer duplex

PAM protection
Casla

PAM binding DEDDAh trimming
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Figure 2-2. Molecular detail of Cas1-Cas2/DEDDh during prespacer processing. A) Orthogonal
views of the final cryo-EM densities for Cas1:Cas2-DEDDh bound to a prespacer containing a
phosphorothioated TT PAM (threshold, 0.200). B) The structure of PAM-bound Cas1:Cas2-DEDDh,
depicting one of two His29 residues dictating duplex length. ss OH, single-stranded overhang. C) The
structure viewed from the PAM side (left). Middle, surface depiction of the cleft between Cas1a’' and
Cas1b'. Right, sequence-specific contacts made with each PAM thymine. D) Comparison of PAM and
non-PAM densities with atomic models overlaid at a threshold of 0.200. Term., terminal. E) AlphaFold 2
prediction of the structure of Cas2-DEDDh. aa, amino acid. F) Side view of unsharpened cryo-EM
density in which DEDDh was resolved (threshold, 0.033). G) Hybrid structure containing the DEDDh
domain with detail at the PAM-DEDDh interface, with catalytic DEDDh residues shown. The black
dashed line represents the unstructured linker between Cas2 and DEDDh domains. H) Model for PAM
protection.

Cas1:Cas2-DEDDh dictates prespacer duplex length with an internal ruler that ensures
spacers are equivalent in length (Fig. 2-1B, C). Dual Cas1 His29 histidyl residues
measure out a 23-bp DNA duplex by t-stacking with the terminal base pairs of the
double stranded region, clasping the prespacer strands and marking the start of the
single stranded 3' overhang (Fig. 2-2B). Biochemical processing assays demonstrate
that only the 23 bp duplex is both tolerated and trimmed to the integration-competent
length (Supplementary Fig. 2-1A, B).

Processing experiments suggest the PAM is protected initially from DEDDh-mediated
prespacer processing (Fig. 2-1B-D). To understand how the integrase sequesters the
PAM, we performed cryo-EM analysis on the integrase complex bound to a
PAM-containing prespacer with a phosphorothioate backbone modification at the
predicted site of DEDDh activity, with the intention of stalling processing.
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Sequence-specific interactions with loop 7 (N162 to D179) and helix 7 (M139 to Y161)
in the Cas1a’ subunit in the resultant density rationalize PAM recognition (Fig. 2-2C).
The first PAM thymine is buried in a pocket in Cas1a’, where hydrogen bonds formed
with Tyr126 and Gly148 may enhance binding affinity (Fig. 2-2C, right-top). The second
PAM thymine tt-stacks with Tyr171, which positions T30 to hydrogen bond with the
Tyr171 backbone amide nitrogen (Fig. 2-2C, right-bottom). When the PAM is absent,
substrates are fully trimmed, underscoring the necessity of sequence-specific
interactions for asymmetric trimming and PAM protection (Fig 2-1D). Moreover, a beta
hairpin in the C-terminal region of Cas1b’ ‘caps’ sequestered nucleotides. Loop 7, helix
7, and the C-terminal cap are absent in the PAM-deficient density, suggesting these
structural motifs participate in PAM protection (Fig. 2-2D).

The DEDDh domain was not visible in the initial PAM-containing structure, raising the
question of how the integrase engages the DNA for ruler-guided trimming of
sequestered nucleotides. To resolve the DEDDh domain, we iteratively classified and
refined PAM-containing particles and found a density corresponding to DEDDh in a
small subset of the total ensemble (Fig. 2-2F, Supplementary Fig. 2-4). Key features
include a large protrusion only visible on the PAM side of the complex and an extended
density attributable to additional phosphorothioate-containing nucleotides 3' to the
PAM (Fig. 2-2F). Because the protuberance was low resolution, the model predicted by
AlphaFold 2 for the DEDDh domain was docked into the density (Figs. 2-2F, G). The
resulting hybrid model illustrates dynamics of DEDDh trimming and PAM protection.
Catalytic DEDDh residues are poised to exonucleolytically cleave the overhang, but the
PAM binding pocket and the C-terminal loop occlude DEDDh procession, blocking
cleavage of the PAM and 2-3 additional nucleotides (Fig. 2-2H). Despite the high local
concentration of nonspecific exonuclease relative to the substrate, this process is
precise, in concordance with biochemical evidence (Figs. 2-1B; 2-2G). A natural
consequence of protection is that the PAM must be cleaved downstream.

2.3.3 DEDDh trims the PAM after DNA half-integration

Although there is evidence for PAM protection during prespacer processing, the PAM
must be removed prior to insertion into the CRISPR array to avoid autoimmunity. We
analyzed Cas1:Cas2-DEDDh processing of DNA substrates designed to mimic
intermediates of integration into the CRISPR array to determine the mechanism of PAM
removal and resolve dynamics of the complex at the integration target site’®”°. Two
substrates that mimic probable half-integration intermediates - the pre-PAM processing
intermediate and the post PAM-processing intermediate (Fig. 2-3A, half-site substrates
1 and 2, respectively) - were synthesized and assayed in reactions with wildtype and
catalytically-inactivated DEDDh complexes. Reaction with half-site substrate 1, which
contains the unprocessed PAM, resulted in a 100 nt band corresponding to full-site
integration (Fig. 2-3A). The same band was absent when DEDDh was catalytically
inactive. Reactions with PAM-deficient half-site substrate 2 yielded the 100 nt full-site
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integration product for both the WT and dead DEDDh complexes. These data suggest
that, in the wildtype reaction, the PAM is fully removed prior to full-site integration. The
lower intensity of the full-site integration product generated from half-site substrate 1
compared to that of half-site substrate 2 may be a result of inefficient PAM removal,
also observed in kinetics assays (Supplementary Fig. 2-2A, B). The absence of the
integrated product strand in the catalytically-inactivated DEDDh condition suggests the
DEDDh active site executes PAM processing. Notably, PAM processing is necessary
for full-site integration, and the integrase generates a precisely defined insertion
product size. Hence, nonspecific exonuclease activity generates a ladder of ssDNA
overhang fragments in the PAM-containing substrate strand, but only one of these
fragment sizes is compatible with full-site integration. This single-nucleotide precision
is a result of the Cas1:Cas2 ruler, which simultaneously defines the spacer size and
acts as a gate that prevents PAM insertion into the CRISPR array (Fig. 2-3A). Since
Cas1-mediated PAM protection was observed during prespacer processing, it is
reasonable to assume that Cas1 releases the PAM for DEDDh trimming while engaged
on the CRISPR array.

Half-site substrate 1 ® Half-site substrate 2
(pre-PAM processing) (s3 /("’" (post-PAM processing) ) /(60
444)5—43 14475—43
b 5 (80) 3 5(80)
WT Cas2(D132A) WT Cas2(D132A)
(nt) 0 1 5 103060120]0 1 5 10 30 601200 1 5 10 30 60120[0 1 5 10 30 60 120 time (min)
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100 by B D RS - .«
48
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38 gy (pre-PAM processing)
h-g--.-H---~-- v < f— Y
o —
28 MmimEE bl 4. ] half-site

...... (post-PAM processing)
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&
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Figure 2-3. Biochemical and structural analysis of Cas1-Cas2/DEDDh PAM processing. A)
Integration reactions by WT and mutant Cas1:Cas2-DEDDh (DEDDh(D132A)) half-site integration
intermediates. B) Unsharpened (grey transparent; threshold, 0.05) and sharp (colour; threshold, 0.19)
cryo-EM densities for Cas1:Cas2-DEDDh bound to the PAM-phosphorothioated half-site integration
analogue. C) The structure of the initial half-site complex. D) Details of the junction of leader, repeat and
spacer (middle). Left, a second, flipped conformation of G29. Right, helix 7 interactions. E) Unsharpened
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maps of two repeat DNA conformations, linear (blue) and bent (red), both with a threshold of 0.05. F)
Structure with linear, extended repeat DNA. G) Structure of bent repeat DNA. H) Comparison of
C-terminal loop ordering in the prespacer (left) and linear repeat (right) structures. 1) Model for PAM
gatekeeping facilitated by the C-terminal loop/cap.

Evidence for DEDDh involvement in both prespacer processing and PAM cleavage led
us to wonder which molecular cues prompt Cas1 to relinquish the PAM for digestion.
Aiming to visualize DEDDh trimming and conformational changes in Cas1, we used
cryo-EM to characterize Cas1:Cas2-DEDDh in complex with a DNA half-site analog
containing phosphorothioate linkages at the PAM positions (Fig. 2-3B, Supplementary
Fig. 2-5A-C). Neither the initial 3.1 A density nor any heterogeneous states detected
during cryo-EM data processing had density corresponding to the DEDDh domain on
the PAM side of the complex (Fig. 2-3B). However, DEDDh was observed on the
non-PAM side during DNA conformational analysis. We speculate that, in agreement
with biochemical data, only the DEDDh domain can trim the PAM, and PAM trimming
activity is required for full integration (Fig. 2-3A). Furthermore, the DEDDh
PAM-trimming state may be transient. Phosphorothioate modifications only partially
protected the PAM, which may disfavor resolution of the active DEDDh domain at the
half-site (Supplementary Fig. 2-6).

The 3.1 A half-site structure reveals previously uncharacterized interactions at the first
integration strand junction (Fig. 2-3B-D). After the initial nucleophilic attack, Cas1:Cas2
induces bending of the leader-repeat target DNA®%. This deformation originates at the
nick site, positioning repeat DNA between the leader-distal and -proximal Cas1 active
sites. Inspection of the strand junction (Fig. 2-3D, middle) reveals interactions with the
first base pair of the CRISPR repeat dictated by loop 7 and helix 7 of Cas1a’. The
spacer-ligated first CRISPR repeat guanine G29 was found in two approximately
equivalent conformations. In the first conformation, G29 forms a canonical base pair
with C35 (Fig. 2-3D, middle). In the second conformation, G29 ‘flips’ upward, making a
specific contact with loop 7 lysine Lys168. The lysine also contacts the 3' hydroxyl of
the leader (Fig. 2-3D, left). GIn141, which sits at the base of helix 7, also makes a
nucleobase-specific contact with C35, the first bottom repeat nucleotide. Helix 7 is well
positioned to insert into the minor groove of the leader DNA, but no
nucleobase-specific contacts were obvious (Fig. 2-3D, right). Specific contacts with
CRISPR array nucleotides likely play a functional role in targeting, as previously
observed?®>#%,

The 3.1 A half-site complex reconstruction contains density corresponding only to the
leader-proximal region of the CRISPR repeat (Fig. 2-3B, C). To probe dynamics at the
leader-distal region, where PAM processing and subsequent full integration occur, we
performed three-dimensional variability analysis (3DVA) on the particle set
(Supplementary Fig. 2-5A,D,E)'®. 3DVA revealed heterogeneity in the location of the
repeat/spacer end, with the CRISPR repeat DNA oscillating between linear and bent
conformations (Fig. 2-3E). The DEDDh domain was visible only in the linear
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conformation. Isolation and refinement of particle clusters representing maxima of the
reaction coordinate gave linear and bent reconstructions at 4.1 A and 3.9 A resolutions,
respectively (Fig. 2-3E-G).

In the linear structure, a Cas1b’ C-terminal loop (L279 to S293) rich in charged residues
is positioned near the major groove adjacent to the second integration target site (Fig.
2-3F). The corresponding density is absent in the 3.1 A half-site and 2.9 A
prespacer-bound structures, indicating this loop participates in engagement with the
CRISPR repeat on the PAM side (Figs. 2-2C; 2-3G,H). A C-terminal cap, which follows
the C-terminal loop, protects the PAM and adjacent nucleotides from trimming by
DEDDh (Fig. 2-2H). Intriguingly, the DEDDh domain was visible in the linear structure,
but on the non-PAM side of the complex, where no overhang trimming occurs (Fig.
2-3F). The exonuclease sits in a cavity formed by the interface of the CRISPR repeat
DNA, Cas1a/b’, and Cas2, where it appears to contact the repeat DNA backbone and
the N-terminus of the Cas1b (Fig. 2-2F, Supplementary Fig. 2-7). These interactions
may stabilize beneficially constrain bending of the second integration target site or
prevent trans activity.

The bent structure features a pronounced kink in the center of the repeat region (Fig.
2-3G). Disruption of a single A-T base pair and DNA unwinding appear to
accommodate the strain induced by this pitch, though this assignment was made with
low confidence due to the low local resolution at the bending site. Bending in the
center of the CRISPR repeat symmetrizes the integration complex and draws the
repeat/spacer junction towards the Casia’ active site. Although PAM nucleotides are
still present, likely due to their cleavage-blocking phosphorothioate modifications, the
overhang nucleotides typically sequestered during ruler guided trimming are absent,
suggesting that 3’ trimming occurs in an intermediate step between linear and bent
states. Only the first three nucleotides under the C-terminal loop of Cas1b’ could be
assigned, and the C-terminal cap density was largely unstructured. These
observations, combined with the proximity of the second integration target site in the
bent structure, suggest that engagement of the CRISPR DNA by the C-terminal loop
induces uncapping of previously sequestered PAM nucleotides, followed by DEDDh- or
host exonuclease-mediated trimming of the exposed 3' end to the ruler-defined length.
Once the PAM is trimmed, full integration occurs (Fig. 2-3A). Structural and
biochemical analyses imply a general mechanism of sequential PAM protection and
cleavage, or PAM gatekeeping, which ensures that PAM-deficient protospacers
integrated into the CRISPR array are marked as self and are equal in size (Fig. 2-3l).

2.3.4 Reconstitution of full CRISPR array integration

To determine how PAM sequence recognition and gated removal ensures accurate
DNA integration, we reconstituted CRISPR substrate integration in vitro. An
unprocessed prespacer (23-bp duplex with 15 nt single-stranded overhangs)
containing the TT PAM was combined with Cas1:Cas2-DEDDh and pCRISPR.
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Prespacer substrates encoded Bsal restriction sites in the duplex region to enable
insertion of a chloramphenicol resistance gene. Upon transformation, only pCRISPR
with full prespacer integration confers survival in a double selection assay (Fig.
2-4A)'".  Fully integrated sequences provide additional evidence that
Cas1:Cas2-DEDDh completes both prespacer processing and integration into the
CRISPR array (Fig. 2-4B). The complex is specific for the CRISPR array and all
integration events occur at repeat borders (Supplementary Fig. 2-8B). However,
integration occurs at all three repeats present in the array, without specificity for the
leader-proximal repeat, as seen in many CRISPR systems in vivo®'%® and consistent
with structural data (Fig. 2-3D). Excess 3’ overhangs are trimmed to within 1-2 nt of the
expected length and the PAM is absent in all integrated sequences (Fig. 2-4B), in
agreement with evidence at the level of the half-site (Fig. 2-3A,l). Reconstitution
experiments provide complementary evidence for an alternative mechanism for PAM
processing compared to Cas4, which uses a sequence-specific mechanism to cleave
the PAM endonucleolytically”,
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Figure 2-4. In vitro reconstitution of Cas1:Cas2-DEDDh-mediated full-site integration. A) Schematic
of in vitro reconstitution of full-site integration. Amp., ampicillin; chl., chloramphenicol. B) Fully integrated
spacer sequences from a prespacer containing the PAM. Lowercase bases match the prespacer
sequence. Uppercase bases are additional, untrimmed nucleotides. C) The number of integration events
arising from an equimolar pool of prespacers with or without the PAM. Prespacers are distinguished by
internal barcodes, which were swapped to remove sequence bias. Data are mean +s.d. of three
independent biological replicates (n =95 colonies). D) Proposed general timeline of CRISPR adaptation.

Although it was hypothesized that delayed PAM trimming aids the complex in orienting
the prespacer for integration”®’®, no orientation bias was observed in vitro
(Supplementary Fig. 2-8C). While Cas1:Cas2-DEDDh alone is able to distinguish
between the PAM and non-PAM sides of the prespacer (Figs. 2-1D; 2-2C), it appears
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that the complex alone cannot discern the leader- and spacer-side of the repeat,
consistent with cryo-EM results of the half-site intermediate, which show no sequence
specificity for the leader (Fig. 2-3D). We suspect the complex requires additional host
factors to correctly orient the spacers in vivo. In E. coli, integration host factor (IHF)
directs the first nucleophilic attack to the leader-side of the repeat through specific
contacts with the leader sequence®'®. Superimposition of the half-site structure and a
Megasphaera IHF ortholog onto a structure of the complete IHF-containing integration
holo complex further implicates the participation of a directing host factor
(Supplementary Fig. 3-9). In vivo, the system may have higher specificity for the
leading integration target site and utilize delayed PAM processing as the basis for
determining the orientation of integration, as is the case in other CRISPR systems’">"®,

To assess the effect of the PAM on integration efficiency, an equimolar mixture of
PAM-deficient and PAM-containing prespacers, each containing a pair of identifying
internal barcodes, was tested for full-site integration. Surprisingly, out of 95 sequenced
colonies, we observed significant enrichment (~3-fold) of integration events from the
PAM-deficient prespacer (Fig. 2-4C). To account for biases resulting from the internal
barcode sequences, we generated a second prespacer pool, where barcode pairs were
swapped. The second pool also exhibited a significant preference for the
PAM-deficient prespacer (Fig. 2-4C). Lower integration efficiency from the
PAM-containing prespacer in vitro may stem from additional steps required for PAM
removal (Fig. 2-3l). Moreover, PAM removal is observed following full-site integration,
and all spacer sequences are selected according to PAM presence (Fig. 2-4B). The
reduced apparent efficiency of PAM-containing prespacer insertion in vitro therefore
suggests PAM recognition in vivo occurs upstream, during the biogenesis of substrates
bound for CRISPR adaptation (Fig. 2-4D).

Integration reconstitution experiments with pooled prespacers suggest that the
integrase may select substrates prior to prespacer processing, ensuring PAM presence
(Fig. 2-4C). We were interested in whether the integrase demonstrates similar
stringency for another substrate feature, the canonical prespacer duplex. Accordingly,
we tested Casi1:Cas2-DEDDh processing after stepwise addition of the
PAM-complementary strand. After incubation of Cas1:Cas2-DEDDh with a
single-stranded PAM-containing strand, the labeled, PAM-deficient strand was added.
In all reactions, even for the prespacer strands with the tolerated 23-nt
complementarity region (Fig. 2-1B), nonspecific processing of the labeled strand
occurs (Supplementary Fig. 2-8D-F). Thus, Cas1:Cas2-DEDDh likely performs
ruler-guided trimming when the 23-bp prespacer is pre-duplexed and not after delayed
addition or search for the complementary strand. The strict requirement for substrate
size, strandedness, and PAM-presence has implications for open questions in CRISPR
substrate biogenesis.
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2.3.5 Selective processing and protection of prespacer sources and models of
biogenesis

Integration reconstitution experiments with pooled prespacers suggest the integrase
may select substrates before formation of the canonical prespacer. We tested this
model by probing Cas1:Cas2-DEDDh processing of potential prespacer precursors,
including PAM-containing dsDNA and ssDNA. We found that Casi1:Cas2-DEDDh
cannot selectively process blunt-end dsDNA (using either ruler-guided trimming or
PAM-dependent trimming) but, surprisingly, can carry out PAM-dependent recognition
and 3' overhang trimming on ssDNA substrates, analogous to results with duplex
prespacer substrates (Fig. 2-5A).

A Cc
ﬁ«‘;:«« ds2 @ ds2 & ) 552 2 s 552 ss1 (no PAM) ¥ DNA substrate
+ RecBCD
B s DNA substrate Cas1—Cas2-DEDDh
- +| +| +|. + |- + |- +|- +| + Cas1—Cas2-DEDDh 0 ‘solo ‘solo ‘60 time (min)
—
59 " e — o - - 59 L)
48
- ] s—m:
48 ™= ss2 PAM-dependent 38
trimming product
ss2 (PAM) T3 DNA substrate
+ + RecBCD
a8 = Cas1—Cas2-DEDDh
OA 60 | u‘ 60| 0 A 60 time (min)
B 59 wemy Ll —
ATGCATGA-3"
ds1 'IIIIIIIIIIIIIIIIII|I|III|I||I|III|I||I|III|IIII||IIIIIII||I 48 g pa— . ~ —
37~ ) ss2 PAM-dependent
CTCATGATGCACTAGTGGATGCGCGTGTTCCTATGCATGA-3’ 38 trimming product

ds2 ,7IIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIHIIIIIIIIIIIIIIIIIIIIIIII

3
59 bp

complement search
D E F ssDNA degradation ’\/T\/
. ~——s ss1 (no PAN;) s82 (PAWI\Q3 DNA substrate products e processing
]3- - - + +]|- - + + T5Exonuclease ”' 5 M
ey I - 4+ - + Casl—Cas2-DEDDh PAM —/‘_/ —> B & :|_> 9
ssDNA PAM l ’ trimmi N '
integration

3’ trimming
binding by DEDDh

¢ -,
59 =N
N T 4 L
T S~ g— /\’R 48 < —: processing !
ss2 PAM-dependent M
E| -

: 38 trimming product ? priming

I n mn 28
5' trimming hypotheses . reannealed product integration

Figure 2-5. Cas1:Cas2-DEDDh selectively performs PAM-dependent trimming on certain ssDNA
substrates but not dsDNA. A) Processing of PAM-deficient and PAM-containing dsDNA and ssDNA
substrates by Cas1:Cas2-DEDDh. B) Substrates used in (a), (c), and (d). C) Processing of ssDNA
substrates in the presence of bipolar helicase RecBCD. D) Hypothetical trimming patterns of ssDNA
exposed to a 5’ exonuclease after capture by the integrase. E) Processing of ssDNA with addition of T5
5" exonuclease. F) Model of upstream processes in CRISPR adaptation.

If PAM-containing ssDNA substrates are prespacer precursors, the question remains:
When is the canonical 23-bp duplex of the prespacer formed during prespacer
biogenesis? One plausible hypothesis is that Cas1:Cas2 first binds to ssDNA
prespacer precursors and then finds and facilitates pairing with the complementary
partner”. We tested this hypothesis by assaying Cas1:Cas2-DEDDh processing after
stepwise addition of the PAM-complementary strand. After incubation of
Cas1:Cas2-DEDDh with a single-stranded PAM-containing strand, the labeled,
PAM-deficient strand was added. In all reactions, even for the prespacer strands with
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the tolerated 23-nt complementary region, nonspecific processing of the labeled strand
occurs (Supplementary Fig. 2-12). Thus, Cas1:Cas2-DEDDh likely performs
ruler-guided trimming when the 23-bp prespacer is pre-duplexed and not after delayed
addition or search for the complement. The strict requirement for substrate size and
strandedness has implications for open questions in CRISPR substrate biogenesis.

The preferential biogenesis of spacers from invader DNA is poorly understood. The
double strand break resection/ homologous recombination complex RecBCD was
implicated in prespacer production'®, but no detailed model exists to explain the
formation of CRISPR array-bound duplex prespacers from the asymmetric ssDNA
products of RecBCD digestion'®. We were interested in the ability of RecBCD to
degrade extended ssDNA bound by the integrase (Fig. 2-5C). E. coli RecBCD and
Cas1:Cas2-DEDDh robustly degrade PAM-deficient substrates in isolation and in
combination (Fig. 2-5C, top). In PAM-containing substrates, however,
Cas1:Cas2-DEDDh completely protects ssDNA from RecBCD-mediated degradation
(Fig. 2-5C, bottom), despite the increased size of the substrate (59 nt) compared to
canonical prespacer substrates (28 nt ssDNA, 33 nt total linear length). RecBCD is a
bipolar helicase/endonuclease capable of cleavage of a variety of ds and ssDNA
substrates'®. To address the fate of the 5’ end of PAM-containing ssDNA, we assayed
processing in the presence of T5 exonuclease, a unidirectional 5' ssDNase. DEDDh
trims the 3’ end in a defined manner, but 5’ trimming mechanisms remain unclear.
Reasonable hypotheses concerning 5' ssDNA protection include: 1) captured ssDNA is
trimmed until hindered by the pocket formed by Casia’ and Cas1b’, ll) 5' trimming
occurs at some intermediate distance, perhaps defined by canonical duplex region, or
[l) the entire ssDNA is preserved as in Fig. 2-5C (Fig. 2-5D). Degradation of ssDNA is
complete absent the PAM but, surprisingly, Cas1:Cas2-DEDDh completely preserves
PAM-containing ssDNA (Fig. 2-5E). Protection of the 5' end during exposure to T5
exonuclease is consistent with hypothesis Ill (Fig. 2-5D,E).

2.4 Discussion

Efficient CRISPR adaptive immunity requires coordination between the CRISPR
integrase and host nucleases’’®. In this study, we describe mechanisms of prespacer
processing and integration in a naturally occurring Cas1:Cas2-DEDDh complex. The
trimmer-integrase uses an alternative PAM-processing mechanism compared to the
well-studied Cas4 endonuclease™*. Prior to this work, it was unclear how systems
lacking Cas4 process and integrate substrates. Our data suggest that one evolutionary
solution to the problem of selecting, protecting, and then removing the PAM is to use
Cas1 rather than an accessory protein for initial PAM protection. Sequestration of
defined prespacer sizes via substrate gatekeeping ensures that the PAM is present and
that its cognate spacer is functional (Fig. 2-1D). Once the PAM-containing prespacer is
anchored to the host CRISPR array, the PAM is released by the Cas1 ‘gate’ and is
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promptly removed. We provide a mechanism explaining which structural cues lead to
PAM uncapping and removal (Fig. 2-3l). Binding and bending of leader-distal repeat
DNA may lead to disengagement of the C-terminal cap which covers and protects
nucleotides. DEDDh completely digests the released PAM, generating substrates of the
correct size and positioned for second nucleophilic attack. This sequence of events
ensures the PAM side integrates second. Bending and unwinding may additionally aid
in melting of the repeat strand, which is required for resolution of the post-synaptic
complex and concomitant repeat duplication'®. While the high effective local
concentration of exonuclease with respect to the bound prespacer conferred by the
Cas2-DEDDh fusion in this system likely improves efficiency, we imagine that host
exonucleases can function similarly in trans. Cas1:Cas2-DEDDh serves as a general
model which describes the role of accessory exonucleases, including those which are
not fused to the nuclease, in the diverse CRISPR systems lacking Cas4 (see
Supplementary Fig. 2-10 for comparisons to E. coli Cas1:Cas2).

Recent studies indicated accessory proteins can coordinate with Cas1:Cas2 to process
prespacers. DnaQ and ExoT have previously been shown to process PAM-containing
substrates asymmetrically when provided in concert with Cas1:Cas2 in vitro”’®,
establishing the directionality of integration. Recent in vivo work demonstrated that
other accessory exonucleases can substitute for DnaQ and ExoT activities to carry out
prespacer processing®. These findings suggest that Cas1:Cas2 can flexibly coordinate
with various accessory proteins. As a general model, Cas1:Cas2-DEDDh provides
insight into the elegant mechanism by which nonspecific processing enzymes and
Cas1:Cas2 preserve the self vs. non-self distinction. These findings advance our
understanding of how prespacers are processed and selected for spacer acquisition.
We anticipate that our results will be applicable to CRISPR-based technologies which
seek to repurpose Casi1:Cas2 for molecular recording and information storage,
applications challenged both by reliance on host factors such as exonucleases and by
uncertainty in prespacer selection'®°,

While this report represents an advance in our understanding of downstream steps, the
upstream biogenesis of CRISPR substrates remains mysterious. Unexpectedly,
experimental data suggest lower integration efficiency from PAM-containing
prespacers and a preference for preformation of the canonical duplex®®. We
hypothesize that PAM selection may occur early during prespacer biogenesis, prior to
the formation of canonical prespacer substrates. Pool experiments prompted
exploration of the capture and selective processing of prespacer precursors, revealing
PAM-dependent trimming of ssDNA substrates. Furthermore, only PAM-containing
ssDNA are protected from RecBCD and T5 exonuclease degradation, supporting a
potential prespacer biogenesis pathway from PAM-containing ssDNA precursors'"''2,
Interestingly, Cas1:Cas2-DEDDh requires a pre-formed duplex of a defined size for
ruler-guided processing to generate competent substrates for integration. Stepwise
addition of the two prespacer strands with the correct complementary region
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precluded ruler-guided processing into competent integration substrates®. These
results weaken the ‘complement search’ model for prespacer biogenesis, which
suggests single stranded DNA derived from foreign sources are captured
independently by the integrase complex. Alternatively, Cas1:Cas2 may recognize
PAM-containing prespacer-like motifs as DNA reanneals behind repair complexes
implicated in CRISPR adaptation such as RecBCD and AddAB, as was recently
suggested®. We note that RecBCD- or AddAB-mediated degradation is asymmetric,
meaning ssDNA products exit the complex at differential rates, disadvantaging
Cas1:Cas2 as complements diffuse away from integrase-PAM ssDNA complex. We
advance two alternative models to guide future efforts to determine the molecular
mechanism of CRISPR integration substrate biogenesis (Fig. 2-5F). First, the
complement may be synthesized after PAM-dependent ssDNA capture.
CRISPR-associated primase/polymerases (CAPPs) were shown to associate with the
integrase,’*® though the complete functional scope of CAPPs or analogous host factors
during adaptation remains unclear. Second, Cas1:Cas2 may coordinate with RecBCD
or AddAB to organize prespacer capture, perhaps via direct contacts between Cas1
and the terminal end of the recombination complex.'® We note that during infection,
RecBCD/AddAB ssDNA products rapidly accumulate, titrating single-stranded DNA
binding proteins (SSB). In limiting unbound SSB environments, nicked degradation
products were shown to reanneal behind the RecBCD complex "*''°  presenting a
potential motif for prespacer recognition (Fig. 2-5F, bottom). Recently, the 5" ssDNA
exonuclease Recd and helicase but not endonuclease activity from the RecBCD
complex were shown to enhance prespacer biogenesis in primed adaptation, lending
support to this model®. Future experimentation might translate these data and insights
from this work into a more complete mechanistic understanding and total in vitro
reconstitution of naive CRISPR adaptation. The precise mechanistic details of these
proposals remain unclear. Future experiments might utilize the compact
trimmer-integrase presented here to probe open questions in CRISPR substrate
biogenesis and achieve total in vitro reconstitution of naive CRISPR adaptation.

2.5 Methods

2.5.1 Plasmid construction and DNA substrate preparation

To make the target integration plasmid pCRISPR, the leader and the first 3 repeats and
spacers of the CRISPR array were ordered as two DNA fragments, which were
amplified by PCR and inserted into a pUC19 backbone by Gibson Assembly. DNA
oligos used in this study were ordered from Integrated DNA Technologies (IDT).
Prespacers and the half-site substrates were formed by heating at 95 °C for 5 min and
slow cooling to room temperature in HEPES hybridization buffer (20 mM HEPES, pH
7.5, 25 mM KCI, and 10 mM MgCl,). For the half-site substrate, hybridization was
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carried out with a 1.5-fold excess of the two shortest strands and 1.25-fold excess of
the second-largest strand and purified on a 8% native PAGE gel.

2.5.2 Cloning, expression, and purification

The Megasphaera NM10_related Cas1 and Cas2-DEDDh genes were codon optimized
for E. coli expression, ordered as G-blocks, PCR amplified, and cloned separately into
a pET-based expression vector with an N-terminal 10xHis-MBP-TEV tag. After
transformation into chemically competent Rosetta cells, cells were grown to an OD600
of ~0.6 and induced overnight at 16 °C with 0.5 mM
isopropyl-B-D-thiogalactopyranoside (IPTG). Cells were harvested and resuspended in
lysis buffer (20 mM HEPES, pH 7.5, 500 mM NaCl, 10 mM imidazole, 0.1% Triton
X-100, 1 mM Tris (2-carboxyethyl)phosphine (TCEP), Complete EDTA-free protease
inhibitor (Roche), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and 10% glycerol).
After lysis by sonication and clarification of lysate by centrifugation, the supernatant
was incubated with Ni-NTA resin (Qiagen). The resin was washed with wash buffer (20
mM HEPES, pH 7.5, 500 mM NaCl, 10 mM imidazole, 1 mM TCEP, and 5% glycerol)
and protein was eluted with wash buffer supplemented with 300 mM imidazole. After
overnight digestion with TEV protease, the salt concentration was diluted to 300 mM
NaCl using ion-exchange buffer A (20 mM HEPES, pH 7.5, 1 mM TCEP, and 5%
glycerol) and run through a tandem MBPTrap column (GE Healthcare) and HiTrap
heparin HP column (GE Healthcare) to remove the MBP and bind the protein onto the
heparin column. The protein was eluted with a gradient from 300 mM to 1M KCI,
concentrated, and purified on a Superdex 200 (16/60) column with storage buffer (20
mM HEPES, pH 7.5, 500 mM KCI, 1 mM TCEP, and 5% glycerol). The same
purification protocol was used for Cas1 and Cas2-DEDDh (WT and D132A mutant).

2.5.3 Processing assays

Processing assays were conducted in integration buffer 20 mM HEPES, pH 7.5, 125
mM KCI, 10 mM MgCl,, 1 mM DTT, 0.01% Nonidet P-40, and 10% DMSOQO). Cas1 (4
pM) and Cas2-DEDDh (2 uM) were pre-complexed for 30 min. at 4°C before addition of
fluorescent DNA substrate (312.5 nM) and reacting for 2 hours at 37°C. Reaction was
quenched by addition of 2 vol. quench buffer (95% formamide, 30 mM EDTA, 0.2%
SDS, and 400 pg/mL heparin) and heating at 95 °C for 4 min., before analysis on a 14%
urea-PAGE gel. Reactions were visualized by Typhoon FLA gel imaging scanner and
quantification of intensities was performed with ImageQuantTL 8.2. The percent
processing activity is quantified as the ratio of the final product bands’ intensity to the
total intensity of all bands in the lane.

2.5.4 Cryo-EM data acquisition

Cas1-Cas2-DEDDh DNA complexes were formed by mixing 50 pM Cas1, 50 pM
Cas2-DEDDh, and 12.5 pM prespacer or half-site DNA and dialyzing for 2 h using a
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Slide-A-Lyzer MINI Dialysis Device at room temperature. The complex was
concentrated to varying concentrations of Cas1:Cas2-DEDDh (see Supplementary
Table 2-1) and purified over a Superose 6 Increase 10/300 GL column. Samples were
frozen using FEI Vitrobot Mark IV, cooled to 8°C at 100% humidity. Depending on the
sample (see Supplementary Table 2-1), either carbon 2/2 300 mesh C-flat grids
(Electron Microscopy Sciences CF-223C-50) or 1.2/1.3 300 mesh UltrAuFoil gold grids
(Electron Microscopy Sciences #Q350AR13A) were glow discharged at 15 mA for 25 s
using PELCO easyGLOW. In all cases, a total volume of 4 uL sample was applied to the
grid and immediately blotted for 5 s with a blot force of 8 units. Micrographs were
collected on a Talos Arctica operated at 200 kV and x36,000 magnification (1.115 A
pixel size), in the super-resolution setting of K3 Direct Electron Detector. Cryo-EM data
was collected using SerialEM v.3.8.7 software. Images were obtained in a series of
exposures generated by the microscope stage and beam shifts.

2.5.5 Cryo-EM data processing

All datasets were collected with varied tilt angle, amount of movies, and defocus range
(see Supplementary Table 2-1 and Supplementary Figs. 2-3, 2-4, 2-5). Data
processing was performed in cryoSPARC v3.2.0, v3.3.1, and v4.1.1"'®. Movies were
corrected for beam-induced motion using patch motion correction, and contrast
transfer function (CTF) parameters were calculated using patch CTF.

PAM-deficient prespacer bound Cas1:Cas2-DEDDh map was obtained by an iterative
process. In the first round 569 particles were picked manually from 37 micrographs and
submitted for Topaz training'’. The resulting Topaz model was used to pick particles
from the micrographs, and a total of 460,631 particles were extracted with bin factor 2,
and applied to 2D classification. Following the selection of the best classes, 410,757
particles were used for ab initio reconstruction and subsequent heterogenous
refinement, with three classes. All particles were used for non-uniform (NU) map
refinement’'®, and an initial complex map was obtained. Following 2D classification of
particles from the initial NU refinement model 38,342 particles from the classes with
isotropic orientations were selected and subject to the second round of Topaz training.
A new Topaz model was used with a total of 956 curated micrographs, and the entire
process was repeated twice with particles from the best heterogeneous refinement
class for subsequent NU refinement and Topaz training. The final map with the best
electron density for the PAM-deficient prespacer bound Cas1:Cas2-DEDDh complex
Wasoobtained from 461,266 particles and was refined with non-uniform refinement to
3.1 A

For the PAM-containing prespacer bound Cas1:Cas2-DEDDh, a single round of Topaz
training was applied. Following the initial exposures curation which yielded 591 best
quality micrographs, 6,302 particles were manually picked and subject to Topaz
training job. The Topaz model was applied to an expanded set of 1,184 curated
micrographs, and resulted in extraction of 3,101,776 particles. After ab initio

27


https://paperpile.com/c/RqqCfx/yYawT
https://paperpile.com/c/RqqCfx/b3q5Q
https://paperpile.com/c/RqqCfx/hFy19

reconstruction and heterogenous refinement of the particles, with three classes, the
1,420,721 particles set constituting the best class were processed with non-uniform
refinement. As a result, a 2.9 A density for PAM-containing prespacer bound
Cas1-Cas2 complex was obtained.

For resolving the DEDDh density in the latter dataset, the ab initio class particles used
for the latter density reconstruction, 1,331,357 in total, were were applied to a 2D
classification job, and 228,220 particles were selected in classes with apparent DEDDh
density. Following ab initio refinement with three classes, particles from the best class
were subject to another round of 2D classification, and 109,912 particles with more
pronounced DEDDh density were selected, and re-extraction with 320 pixel box size (in
all other cases, 480 pixel boxes were used for the extraction jobs). As a result of the
final 2D classification round, 49,560 particles with the best DEDDh density were
selected, re-extracted with standard box dimensions, and subject to ab initio
refinement, with one class, and non-uniform refinement. As a result, a 3.5 A complex
map with the DEDDh exonuclease density was obtained, with a total of 49,383
particles used for reconstruction.

For half-site DNA-bound Casi1:Cas2-DEDDh, the Topaz model from the
PAM-containing prespacer was applied to 2,810 micrographs selected after manual
curation. The 2,448,888 resultant particles were subdivided using 2D classification, and
the 25 best classes were selected, resulting in 1,836,610 particles. These particles
were subjected to ab initio reconstruction with three classes. The best class containing
1,048,353 particles was refined using non-uniform refinement to yield to the 3.1 A
half-site map.

To observe DNA dynamics in the Cas1:Cas2-DEDDh half-integration complex, we
performed 3-D variability analysis (3DVA)'® on a subset of particles selected and
refined from 2-D classification with DNA visible on the leader-distal side of the complex
(1,048,353 particles). The filter resolution was 6 A and the number of modes was 3.
Next, the 3DVA output mode was set to cluster and the number of clusters to 20. Each
resulting cluster was individually inspected and two clusters representing maxima of
DNA motion along the pitch axis were chosen. The linear structure was derived from
32,722 particles and was subjected to non-uniform refinement to give the final 4.1 A
map. The bent structure resulting from initial 3DVA clustering was improved by
repetition of the 3DVA workflow with the complete particle set obtained by Topaz
picking, then selection and non-uniform refinement of the cluster representing
leader-distal DNA in the most bent conformation (53,545 particles total), yielding the
final 3.9 A map.
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2.5.6 Model building and refinement

The initial models of the Cas1 and Cas2-DEDDh were obtained with the AlphaFold 2
program®®. To build the model of Cas1:Cas2-DEDDh bound to a prespacer with TT
PAM complex, the predicted Cas1, Cas2 monomers were docked independently into
the corresponding map with the fitmap tool in UCSF ChimeraX v1.2.5"°. The DNA
models were built de novo. The complex model was refined using rounds of real-space
refinement and rigid body fit tools in Coot v0.9.4.1'®, and real_space_refine tool in
Phenix v1.19.2-4158'', using secondary structure, Ramachandran, and rotamer
restraints. This complex model served as an initial model for other Cas1:Cas2
structures, which were refined in an analogous manner.

2.5.7 Ligation assays with pCRISPR integration target plasmid

Ligation assays were conducted in integration buffer 20 mM HEPES, pH 7.5, 125 mM
KCI, 10 mM MgCl,, 1 mM DTT, 0.01% Nonidet P-40, and 10% DMSO). Cas1 (4 pM)
and Cas2-DEDDh (2 pM) were pre-complexed for 30 min. at 4°C before addition of
DNA substrate (312.5 nM) and integration target pCRISPR (20 ng/mL, ~10 nM) and
reacting for 2 hours at 37°C. Reaction was quenched with 0.4% SDS and 25 mM
EDTA, treated with proteinase K for 15 min at room temperature, and then treated with
3.4% SDS. Reactions were analyzed on a 1.5% agarose gel and visualized by Typhoon
FLA gel imaging scanner.

2.5.8 Full-site integration assays

Integration assays (50 uL reactions) were conducted in integration buffer (20 mM
HEPES, pH 7.5, 125 mM KCI, 10 mM MgCl,, 1 mM DTT, 0.01% Nonidet P-40, and
10% DMSO). Cas1 (4 pM) and Cas2-DEDDh (2 pM) were pre-complexed for 30 min. at
4°C before addition of DNA substrate containing Bsal cut sites (312.5 nM) and reacting
for 15 minutes, followed by the addition of the integration target pCRISPR (20 ng/mL,
~10 nM) and incubating for 2 hours at 37°C. Products were purified with a DNA Clean
and Concentrator 5 kit (Zymo Research) and eluted with 6 pl water. A gap-filling
reaction (20 pl total, 37 C for 30 min) was conducted with the purified integration
products as described by a previous study'': 6 pl purified acquisition reaction, 6.5
water, 2 ul 10x Tag DNA Ligase buffer (NEB), 2 uL dNTP Solution Mix (10 mM stock,
NEB), 2 pyl Tag DNA ligase (80 U, NEB), and 1 pyl T4 DNA Polymerase (1 U, NEB).
Gap-filling reactions purified using the Zymo Research kit and eluted with 6 uL water. A
Golden Gate-compatible chloramphenicol selection cassette was generated by PCR
with primers encoding Basl cut sites and purified using the Qiagen MinElute PCR
Purification Kit. A Golden Gate cloning reaction was performed with the purified,
gap-filled integration products and chloramphenicol selection cassette following a
standard Bsal assembly protocol. The products were purified using the Zymo Research
kit and eluted with 6 uL water and 1 uL was electroporated into DH10B cells (NEB).
Electroporated cells were recovered in 975 uL of LB and plated on LB agar containing
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carbenicillin (100 pg/mL) and chloramphenicol (25 pg/mL). Of the surviving colonies, 95
were sequenced using Sanger Sequencing and sequences were analyzed using
SnapGene Version 5.0.8.

2.5.9 CRISPR locus bioinformatic analysis

Cas2-DEDDh-containing loci from metagenomic data were identified by determining
genomes that contained a CRISPR locus via CRISPRDetect, and coding sequences
within 5kb of the array were extracted'?. A DEDDh HMM model was built from BLAST
searches against the NCBI nr database that were manually verified'®®. The coding
sequences were searched against the DEDDh model using hmmsearch with E < 1 x
10-5"%°. Matches that also contained credible hits to Cas1 and neighboring other Cas
proteins were shortlisted for this work. A preliminary Cas2-DEDDh model was
computed using AlphaFold 2 to aid in structure-building®.

2.5.10 Statistics and reproducibility

For biochemical experiments, results represent gels of the highest quality. All
experiments were generally performed at least in duplicate, though not in the exact
same format. Measurements were taken from distinct samples. For full-site
experiments, we typically performed assays in biological triplicate to ensure
reproducibility. All data points are displayed on the figure panels.

2.5.11 Data availability

Atomic models in the Protein Data Bank (PDB) and the corresponding cryo-EM density
maps from the Electron Microscopy Data Bank (EMDB) are available with the following
accession codes: Cryo-EM structure of Cas1:Cas2-DEDDh: PAM-deficient prespacer
complex PDB-8FY9, EMDB-29561; Cryo-EM structure of Cas1:Cas2-DEDDh:
PAM-containing prespacer complex: PDB-8FYA, EMDB-29562; Cryo-EM structure of
Cas1:Cas2-DEDDh half-site integration complex: PDB-8FYB, EMDB-29563. Cryo-EM
structure of Cas1:Cas2-DEDDh:half-site integration complex linear CRISPR repeat
conformation: PDB-8FYC, EMDB-29564; Cryo-EM structure of
Cas1:Cas2-DEDDh:half-site  integration complex with CRISPR repeat bent
conformation: PDB-8FYD, EMDB-29565.
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2.6 Supplementary Information

Supplementary Table 1. Cryo-EM Map and Model Validation

Model

Model 1 (no PAM)

Model 2 (PAM)

Model 3 (PAM-DEDDh)

Model 4 (Half-site)

Model 5 (Halfi-site linear)

Model 6 (Half-site bent)
PDB accession code 8FY9 8FYA n/a 8FYB 8FYC 8FYD
EMDB accession code 29561 29562 n/a 29563 29564 29565
Data collection and processing
Electron Microscope Talos Arctica
Electron Detector K3 Direct Electron Detector
Magnification x36,000
Voltage (kV) 200
Electron dose (e-/A?) 50
Pixel size (A) 1.115
Defocus range 0.8-2.2pm 0.0-22pum 0.8-22pum
Tilt angle 0° 20°
ride Carbon 22 ;’Sgs 1.2/1.3 300 mesh UltrAuFoil gold grids 1.2/1.3 300 mesh UltrAuFoil gold grids
Complex molarity 8 uM 2.4 uM 2.5uM
3D reconstruction
Raw images 2220 1457 1457 6066 6066 6066
Initial particles 701,623 3,101,776 228,220 1,836,610 1,048,353 1,836,610
Final particles 461,266 1,420,721 49,383 1,048,353 58,475 53,545
Map resolution (A) 313 2.91 353 3.14 4.06 3.88
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143
Map sharpening B-factor (A-2) 140 138 1121 165.7 118.7 142.6
Model refinement
il el uasd Model 2 Ab ’”’"‘r’n’gfgaF"’dz Model 2 Model 2 Model 2 Model 2
Model resolution 3.3 31 4.1 33 44 43
FSC threshold 0.5 05 05 0.5 05 05
Model composition
Nonhydrogen atoms 10742 11433 12724 13486 14567 13612
Protein residues 1228 1304 1461 1359 1475 1325
Nucleotide 56 59 61 136 145 156
Ligands 0 0 0 0 0 0
B factors (A2
Protein 68.66 55.33 154.31 77.25 179.33 119.59
Nucleotide 76.85 48.17 142.08 167.66 213.59 209.82
R.m.s. deviations
Bond length (A) 0.003 0.003 0.003 0.004 0.004 0.003
Bond angles (°) 0.507 0.511 0.647 0.582 0.683 0.582
Validation
MolProbity score 1.77 1.73 1.85 1.83 1.99 1.85
Clash score 10.84 12.06 15.87 12,15 19.51 13.04
Rotamer outlier (%) 0 0.09 0.08 0 0.25 0
Ramachandran statistics
Favored 96.62 97.28 97.22 96.51 96.71 96.57
Allowed 3.38 272 2.78 349 3.22 3.43
Outlier 0 0 0 0 0.07 0
Rama-Z score, whole (r.m.s.
Rama-Z) 0.99 (0.24) 1.24(0.24) 0.14 (0.22) 0.66 (0.23) -0.60 (0.21) -0.04 (0.23)
Map CC (box) 0.7 0.68 0.69 0.71 0.82 0.81
Map CC (mask) 0.77 0.78 0.72 0.78 0.74 0.79
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Supplementary Figure 2-1. Cas1—Cas2-DEDDh exhibits strict requirement for pre-duplexed 23-bp
DNA duplex prespacer for functional ruler-guided trimming. A) Prespacer substrates with varying
duplex lengths used in processing assay. The duplex and overhang lengths are indicated, and the TT
PAM motif is boxed. The arrowheads indicate specific processing positions as observed from the
processing products visualized on the denaturing gel in b. B) Processing assay with pre-duplexed
prespacer substrates shown in a. Substrates are schematized.
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Supplementary Figure 2-2. Kinetics of exonuclease trimming and ligation by Cas1:Cas2-DEDDh in
vitro. A) Time-course reactions of ruler-guided trimming by Cas1:Cas2-DEDDh using substrates S2 and
S3 over two hours. B) Quantification of time-course reactions of ruler-guided trimming shown in a.
Processing efficiency is calculated as the percentage of fully processed product formation at 28-29 nt
(n=3 biologically independent experiments). C) Schematic of in vitro ligation assay with integration
target pCRISPR plasmid and prespacer substrate. Star indicates 6-carboxyfluorescein (6-FAM) label. D)
Time-course reactions of ligation assay with substrates from (b) over 2 hours. Note formation of a
6-FAM-labeled pCRISPR plasmid ligation product band.
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Supplementary Figure 2-3. Flow-chart of the cryo-EM single particle reconstruction of the
PAM-deficient prespacer bound Casi1-Cas2/DEDDh. A) Map generation pipeline in cryoSPARC
consisting of three Topaz training iterations, including representative 2D class averages and 3D maps
resulting from ab initio reconstruction and further heterogeneous, non-uniform refinement. B) Orientation
distribution of the final set of refined particles. C) Gold standard FSC curve of the atomic model refined
to the final cryoSPARC sharp map.
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Supplementary Figure 2-4. Flow-chart of the cryo-EM single particle reconstruction of the
PAM-containing prespacer bound Cas1-Cas2 and resolution of the DEDDh density. A) Cryo-EM
data collection parameters and map generation pipeline in cryoSPARC, including representative 2D class
averages and 3D maps resulting from ab initio reconstruction and further heterogeneous refinement.
B,C) 3D maps, orientation distribution, and gold standard FSC curve of the final cryoSPARC map for the
PAM-only (b) and DEDDh-containing (c) densities. D-F) Final sharp maps of Cas1:Cas2-DEDDh bound to
prespacers colored according to local resolution as calculated by cryoSPARC, and the final refined
models colored with B-factors as calculated by Phenix, for: (d) PAM-deficient density, (e)
PAM-containing DEDDh-absent density, and (f) PAM-containing, DEDDh-containing density.
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Supplementary Figure 2-5. Flow-chart of the cryo-EM single particle reconstruction of the
PAM-containing half-site substrate bound to Cas1-Cas2/DEDDh. A) Cryo-EM data collection
parameters and map generation pipeline in cryoSPARC, including representative 2D class averages and
3D maps resulting from ab initio reconstruction and further heterogeneous refinement. Different particle
stacks were used for generation of the high resolution structure (c), and 3D variability analysis resulting in
linear (d) and bent (e) density maps. B) Representation of the 4 oligonucleotide half integration construct
used in this study. Asterisk indicates a phosphorothioate bond. C-E) 3D maps, orientation distribution,
and gold standard FSC curve of the atomic model refined to the final cryoSPARC sharp map for each
half-site structure.

39



Half-site substrate 3
Half-site substrate 1 (pre-PAM processing phosphogmoate

«# i )
e /(64) w/ phosphorothioate) /(64)

(33) (33)
(44) 5’ 3 (44) 5 I 3
3’ I L 57 (80) 3’ I S 5 (80)

0 1 2 5 10 30 60 1202400 0 1 2 5 10 30 60 120 240 time (min)

-"H”n Y T

Mn g b e =4
— S — Y

Supplementary Figure 2-6. Incomplete resistance of phosphorothioate PAM nucleotides to
DEDDh. Processing assay (4 hour) with substrates shown in above. Substrates are schematized and TT
PAM is indicated, along with phosphorothioation. Processing products are depicted on the right.
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Supplementary Figure 2-7. Molecular detail of Cas1:Cas2-DEDDAh in the linear CRISPR repeat DNA
conformation. A) Orthogonal views of the final sharpened cryo-EM densities for Cas1:Cas2-DEDDh
bound to half-site DNA intermediates containing a phosphorothioated TT PAM, colored to demonstrate
domain locations. B) Non-PAM side and bottom views of Cas1:Cas2-DEDDh bound to half-site
intermediate DNA. C) Detail depicting potential interaction between Arg'*? of DEDDh and CRISPR repeat
DNA phosphate backbone. D) Non-PAM side view of the DEDDh domain with the sharp map
superimposed (threshold: 0.05). Right, detail in the catalytic pocket of DEDDh, with Asp'*? shown in
close proximity to an extension attributed to the N-terminus of Cas1b. E) Cas1:Cas2-DEDDh linear
structure, with protein surfaces except the DEDDh domain colored according to electrostatic potential.
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Supplementary Figure 2-8. Integration site preference, orientation bias, and duplex requirements
of Cas1—Cas2-DEDDh. A) Schematic depicting experimental workflow for full-site integration
reconstitution. B) Integration events at each integration site from sequenced clones. Integration sites are
depicted by arrows at repeat borders. The mean and standard deviation of three independent replicates
are shown (n= 95 colonies). C) Left, orientation of spacer insertion from prespacer containing PAM motif,
+ orientation orients original TT PAM containing end toward the leader, - orientation orients original TT
PAM containing end away from the leader. Right, Orientation of spacer insertion from control prespacer
without PAM motif (the TT PAM from left is replaced with AA). The mean and standard deviation of three
independent replicates are shown (n= 95 colonies). D) Prespacer substrates with varying duplex lengths
used in processing assay. The duplex and overhang lengths are indicated, and the TT PAM motif is
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boxed. E) Schematic of processing assay with stepwise addition of the top and bottom prespacer
strands of the substrates shown in d. The unlabeled top PAM-containing strand is incubated first with
Cas1:Cas2-DEDDh followed by delayed addition of the labeled bottom PAM-deficient strand. F)
Processing assay with stepwise addition of the top and bottom prespacer strands of the substrates

shown in a.
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Supplementary Figure 2-9. Comparison of Cas1:Cas2-DEDDh bound to the half-site intermediate
with the complete E. coli IHF-containing integration complex. A) E. coli Cas1:Cas2 DNA IHF
holo-complex (PDB: 5WFE). Subunit identities are indicated above. Inset boxes highlight the interface
between Cas1a and IHF. B) Representation of the pipeline used to compare Megasphaera and E. coli
integrases. The experimental structure solved in this work was superimposed with the E. coli complex
using ChimeraX matchmaker®. C) The sequence of a Megasphaera IHFa ortholog was found by protein
BLAST of E. coli IHFa sequence in the Megasphaera sp. An286 genome (Taxon ID: 1965622). The
AlphaFold 2 sequence of the highest confidence hit is shown along with the protein sequence, with
secondary structures indicated. D) The Megasphaera IHFa was superimposed with the E. coli IHFa to
approximate the interface in a hypothetical Megasphaera complex. Inset shows the structures overlaid
(left) and with only Megasphaera proteins shown (right). Right, potential interactions at the interface of
Megasphaera Cas1 and IHFa.
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Supplementary Figure 2-10. Comparison of Cas1:Cas2-DEDDh to E. coli Cas1:Cas2 structures. A)
E. coli Cas1:Cas2 bound to a PAM-containing prespacer (PDB: 5DQZ) was compared to Megasphaera
Cas1:Cas2-DEDDh bound to a PAM-containing prespacer. The experimental structure solved in this
work was superimposed with the E. coli complex using ChimeraX matchmaker®. B) Inset showing detail
of the superimposition at the PAM binding site. The C-terminal loop in E. coli Cas1:Cas2 is oriented
differently but covers the PAM in an analogous manner. C) E. coli Cas1:Cas2 bound to a PAM-absent
half-site  DNA (PDB: 5VVJ) was compared to Megasphaera Cas1:Cas2-DEDDh bound to a
PAM-containing half-site DNA. D) Inset depicting differences at the integration strand junction. E)
Comparison of the unintegrated side of both holoenzymes.
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Chapter 3

Genome integrity sensing by the broad-spectrum
Hachiman antiphage defense complex

This chapter is adapted from'*: Tuck, O.T.*, Adler, B.A.*, Armbruster, E.G., Lahiri, A.,
Hu, J.J., Zhou, J., Pogliano, J., and Doudna, J.A. (2024). Genome integrity sensing by
the broad-spectrum Hachiman antiphage defense complex. Cell 187, 6914-6928.e20.
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3.1 Abstract

Hachiman is a broad-spectrum antiphage defense system of unknown function. We
show here that Hachiman is a heterodimeric nuclease-helicase complex, HamAB.
HamA, previously a protein of unknown function, is the effector nuclease. HamB is the
sensor helicase. HamB constrains HamA activity during surveillance of intact dsDNA.
When the HamAB complex detects DNA damage, HamB helicase activity activates
HamA, unleashing nuclease activity. Hachiman activation degrades all DNA in the cell,
creating ‘phantom’ cells devoid of both phage and host DNA. We demonstrate
Hachiman activation in the absence of phage by treatment with DNA-damaging agents,
suggesting that Hachiman responds to aberrant DNA states. Phylogenetic similarities
between the Hachiman helicase and enzymes from eukaryotes and archaea suggest
deep functional symmetries with other important helicases across domains of life.

3.2 Introduction

Helicases are diverse and ancient motor proteins which comprise well over 1% of all
protein-coding genes. Helicases use energy from nucleoside triphosphate (NTP)
hydrolysis to manipulate and traverse nucleic acids, regulating the flow of information
in the cell’™®'?°, Although best known for their roles in unwinding the DNA double helix
during genome replication'?’, helicases perform other essential functions in
recombination and repair'®®, transcription'?®, RNA splicing'*°, mRNA decay'', ribosome
biogenesis'?, and translation initiation'®. Helicases are also important components of
immune systems. Many immune-associated helicases belong to the superfamily 2
(SF2) class™*, which contains two bacterial RecA-like domains. In metazoans, SF2
helicases such as Dicer in RNA interference (RNAIi) and RIG-I in the type | intereron
(IFN) response detect the accumulation of viral double-stranded RNA (dsRNA) in the
cytoplasm and unleash immune responses’*'*®, Dysregulation of helicase function is
associated with a range of diseases in humans'’. In prokaryotes, Type | and VI
CRISPR-Cas adaptive immune systems use the Cas3 and DinG SF2 helicases,
respectively, to degrade foreign DNA wupon CRISPR RNA-guided target
recognition'®®'%, Restriction-modification (RM) systems frequently encode helicases,
apparently to facilitate DNA search'®'*2, RM and Type | CRISPR-Cas systems are the
most abundant immune systems in prokaryotes®. Across all kingdoms of life, helicases
protect the host by sensing pathogen-associated molecular patterns (PAMPs) and
mounting an immune response.

Recent work revealed the diversity of immune systems used by prokaryotes against
their viruses, termed bacteriophage or phage*'**%; 152 classes of antiviral defense
systems have been described to-date'*®. Many newly discovered antiphage defense
systems encode SF2 helicases, including Zorya*, Shango'*, Azaca'*, DISARM'®,
Hna'*®, BREX', and Dpd'*, among others. In some cases, helicase-containing
immune systems embed within other defense architectures to confer new function, as
was recently shown for the Hma system'®. Of the helicase-containing defense
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systems, the majority have no known mechanism of action. One such system is
Hachiman, a two-gene locus containing a short domain of unknown function
(DUF1837), HamA, and a SF2 Ski2-like helicase, HamB*'. Although present in >5% of
prokaryotic genomes and capable of robust protection against phylogenetically distinct
phages*"', molecular mechanisms governing Hachiman and many related

helicase-containing immune systems remain unknown.

Here we show that despite its homology to RNA helicases, HamB is a DNA helicase
that activates DNase activity of HamA upon detection of damaged DNA. Cryo-EM
structures show how the HamAB complex binds DNA in different modes to facilitate
immunity. Helicase ‘ratcheting’ by HamB upon substrate recognition modulates the
HamAB interface, leading to HamA activation and indiscriminate degradation of DNA.
In situ fluorescence microscopy shows that Hachiman clears both host and phage DNA
simultaneously, creating ‘phantom’ cells devoid of genetic material. The observation of
Hachiman activation in the absence of bacteriophage but in the presence of
DNA-damaging agents suggests that Hachiman responds to DNA damage that
accumulates during cell stress. Biochemical and structural data imply ATP-bound
HamAB contacts intact DNA, enabling detection of genome integrity and activation of
the HamA effector when DNA damage surpasses a normal threshold. HamA nuclease
activity may create additional sites for Hachiman binding and activation, leading to
amplification of the immune signal and culminating in restriction of phylogenetically
diverse phages.

HamB helicase domain organization and its ability to regulate the HamA effector
enables controlled activation that may be a principle of other helicase-containing
defense pathways. Like Hachiman, other defense systems may act in response to cell
stressors including but not limited to phage infection.

3.3 Results

3.3.1 Hachiman is broad-spectrum helicase defense system

Helicases are common components of immune systems in eukaryotes®'**. This is also
true for prokaryotic immune systems. Of the ~150 prokaryotic defense systems
cataloged in DefenseFinder'*®, 18 contain an SF1/SF2 helicase, comprising nearly 20%
of non-restriction-modification (RM) defense loci identified in RefSeq (Fig. 3-1A)™°.
Using 95 defense system helicases and 236 well-characterized representative SF1/SF2
helicases'®, we performed a phylogenetic analysis of the core helicase domain (Fig.
3-1B, see Methods). We assigned 20 of the 25 helicases to an established helicase
subfamily, spanning 7 subfamilies. Helicases from Shango (SngC), BREX (BrxHI),
Druantia (DruE) and Dpd (DpdJ) formed a potentially distinct clade of SF2 helicase
family defined by anti-phage immune functions. A helicase from DISARM (DrmA) also
could not be confidently assigned to a known helicase family. The Hachiman-encoded

48


https://paperpile.com/c/RqqCfx/8wgcm
https://paperpile.com/c/RqqCfx/8wgcm+Lyjby
https://paperpile.com/c/RqqCfx/1jlt9+FYM09
https://paperpile.com/c/RqqCfx/Lyjby
https://paperpile.com/c/RqqCfx/SuoGT
https://paperpile.com/c/RqqCfx/SpYbM

HamB protein is closely related to SF2 Ski2 helicases, orthologs of which have diverse
151,152

activities on RNA and DNA substrates (Fig. 3-1B, Supplementary Fig. 3-1)
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Figure 3-1. Hachiman is a two-component defense system that protects against diverse
bacteriophages. A) Overview of SF1/SF2 helicase-containing phage defense systems found in RefSeq
genomes in the DefenseFinder database'*. B) Phylogenetic tree of core helicase domains of 329
helicases from defense systems from (A) and representative SF1/SF2 helicases'®. Helicase superfamily
is provided in the outer track (SF1 in black, SF2 in tan) and representative families demarcated in gray
clades with labels. Defense system-associated helicases are colored as shown in (A). Details on tree
construction and sequence alignment provided in methods. C) Hachiman loci from E.coli strains
ECORO04, ECOR28 and ECOR31 tested in this study. HamA genes are shown in purple and HamB genes
shown in green. Additional defense systems identified in PADLOC'® are shown in blue, integrases in
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yellow and tRNA genes in red. All other genes are shown in gray. D) Overview of phage-defense assays.
Native Hachiman loci are cloned under an anhydrotetracycline (aTc)-inducible promoter, pTet, and
monitored for protection against diverse phages. E) Representative plaque assays for ECOR31 HamAB
against sensitive phages EdH4 and T4 as well as resistant phage T5. Data are presented as the mean of
three biological replicates. F) Comparison of different Hachiman loci against 12 diverse phages
representing 12 unique phage genera. Data shown represent the mean of three biological replicates.
Plaque assays without EOP reductions, but a measurable difference in plaque size are denoted with an
asterisk. G) Protection against phage EdH4 is complete at low MOI, but insufficient at high MOI. For
panels (E-G), Hachiman is induced at 20 nM aTc and for panels (E, F) dCas13d targeting RFP is provided
as a negative control. For panel (G), a negative control is shown in Supplementary Fig. 3-2D. Data are
presented as the mean of three biological replicates + standard deviation.

To establish a cell-based assay for assessing Hachiman function, we identified distinct
Hachiman loci in E. coli strains ECOR04, ECOR28 and ECOR31 using PADLOC (Fig.
3-1C, Supplementary Fig. 3-2A,B)'**"**. We challenged cells expressing Hachiman in
plaque assays using E. coli phages representing twelve distinct genera (Fig. 3-1D-E,
Supplementary Fig. 3-2C)'*°. HamAB from ECOR31 conferred the greatest degree of
defense, providing 10?-10°-fold reduction in efficiency of plaquing for eight diverse
dsDNA phages (Fig. 3-1F, Supplementary Fig. 3-2C), consistent with the
broad-spectrum activity of Bacillus cereus Hachiman against Bacillus subtilis phages*'.
Hachiman conferred near-complete defense against sensitive phages at low multiplicity
of infection (MOI<1), but diminished protection at high viral doses (MOI>1) (Fig. 3-1G,
Supplementary Fig. 3-2D-F). We confirmed Hachiman limits the production of new
phage particles (Supplementary Fig. 3-2E,F). At low MOI, bacterial growth is
unaffected, while at high MOI, no growth is observed (Supplementary Fig. 3-2D).
Nonetheless, phage production remains limited-to-nonexistent during
Hachiman-mediated defense (Supplementary Fig. 3-2E,F), meaning the interaction
between Hachiman and phage leads to cell death and restriction of phage progeny.
These data imply Hachiman functions by abortive infection (Abi), a type of programmed
cell death in which infected cells sacrifice themselves before phage infection matures,
preventing viral spread’. To control for artifacts arising from overexpression, we also
confirmed that ECOR31 Hachiman defends against phage while under the control of its
native promoter and on a low-copy plasmid (Supplementary Fig. 3-2G).

The four phages resistant to tested Hachiman systems (T5, MS2, M13 and Goslar)
possess unique genome properties. MS2 is an ssRNA phage and lacks a dsDNA
genome, while M13 uses rolling-circle replication to produce its ssDNA genome'*®. The
dsDNA genomes of T5 and Goslar have limited accessibility to defense systems as
they are compartmentalized before and during infection, respectively'~"*°. Overall,
phage challenge experiments suggest Hachiman activity protects against diverse
dsDNA phages recognizing and subverting a central feature of dsDNA phage infection.

3.3.2 Structural basis of HamAB complexation

To determine the molecular basis of Hachiman function, we purified HamA and HamB
individually. Only HamB was soluble in isolation. Coexpression of the complete native
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Hachiman locus produced a complex of HamA and HamB (Supplementary Fig.
3-3A-B). A 2.7 A cryo-EM structure of the isolated HamAB complex is a 1:1
heterodimer (HamA,:HamB;, Fig. 3-2A, Supplementary Fig. 3-3A-G, Supplementary
Table 3-1). The domain organization of HamB is generally consistent with Ski2/Brr2
helicases, with two stacked RecA-like helicase domains, RecAl and RecA2,
comprising the helicase core'. A degenerated winged-helix domain (WH* and
C-terminal a-helical region (CAH, C a-helix) form the likely nucleic acid binding cleft
(Fig. 3-2B). At the N-terminus, an a-helical bundle (NAH, N a-helical) common to HamB
orthologs but not found in related Ski2 helicases, contributes to binding HamA. At the
C-terminus, a barrel-like fold reminiscent of oligonucleotide binding (OB) domains sits
on the side of the complex. HamB folds with intact helicase motifs, including active site
DEGH residues (Supplementary Fig. 3-3H-I).

~80 A

N-term
a-helix

3038 A2buried area  —*

DUF1837 alignment

il

D TEAK

0 137

bits

2

0

"

13
140

o=
<

1

- HamB D-E(X)K motif
interacting ﬂ:’ 259

HamA
e
DUF1837

DEGH

267 500 743 868 1094 1174
HamB # os|
Qllalclii m V| VivbVi
IVa* Va

189 259

HamA

N-term
a-helix

10i 117 F

~ Asn'2

o A
= _hydrophobic ,,Q / =
! intrqg:g'ns'[

”Hisﬂﬂ
N

‘Aspr’r'

H | ) .
Type IIS Restriction Endonuclease catalytio HamAB interface
nuclease domain ) )
Paucibacter aquatile =~ 10° ° o2 e
PDB: 8EPX S K dle 0 32 o (] T
w 10!
£ 102
3
8 103
& 10
"5 104
) ese 00 o0 ooe o
§
&
LU10-6&IIII‘?.~IIVQIY~I\’III‘J
ERREEER TP
W EE S FF ST S
& S LB S
& A Q\’b& A

Figure 3-2. Structural basis of Hachiman complexation and identification of the HamA active site.
A) Cryo-EM density of the E. coli ECOR31 apo HamAB complex. The sharpened map is colored, while
the unsharpened map is overlaid and transparent. B) Orthogonal views of the HamAB structure, with
domains colored according to the key above. Walker motifs are annotated in the HamB RecA1 and
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RecA2 domains. C) Overview of the HamA-HamB NAH interface, with surfaces involved in the
interaction shown. D-F) Detail of three subregions, HamA44-77 (D), HamA102-117 (E), and
HamA159-199 (F), contributing to the AB interface. Residues contributing to hydrogen bonding
interactions are shown as sticks and are labeled with colors corresponding to the key above each view
and in (B). G) Sequence logo resulting from alignment of HamA DUF1837 ORFs. The ECOR31 HamA
sequence and corresponding positions are shown below each residue logo. H) Structural
superimposition of the nuclease domain from the P. aquatile type IIS restriction modification system with
HamA. 1) Plaque assays demonstrating the ability of HamAB and various mutants to confer defense
against phage EdH4. Individual data points of three independent biological replications are shown along
with the mean and standard deviation. The (-) symbol indicates a reduction in plaque size.

The apo HamAB structure shows how HamA contacts the HamB NAH, with three AB
interface regions contributing to 3,038 A? of total buried surface area (Fig. 3-2C,
Supplementary Fig 3-3J). The first subregion contains a helix-loop-helix which stacks
with a HamA helix-loop-helix in the reverse orientation (HamA44-77, Fig. 3-2D). The
second region is in the center of the interface and includes numerous hydrogen bonds
between HamB and an extended HamA-interacting loop (HamA102-117, Fig. 3-2E).
The third subregion on the HamB N-terminal side is another instance of helical docking
with predicted hydrogen bonding and nonpolar interactions (HamA159-199, Fig. 3-2F).
Structural and biochemical analyses of the AB interface suggest HamB solubilizes
HamA (Fig. 3-2C-F, Supplementary Fig. 3-3A,B).

3.3.3 HamA DUF1837 encodes a nuclease

The role of HamA is unknown. Alignment of HamA sequences revealed a highly
conserved D-E(X)K motif consistent with metal ion-dependent phosphodiester
hydrolysis (Fig. 3-2G)'". Structurally, HamA is most similar to the Type |IS restriction
endonuclease from Paucibacter aquatile’®, with conservation of the core helix/sheet
motif (Fig. 3-2H, Supplementary Fig. 3-3K). HamA diverges from the P. aquatile
nuclease in regions of DUF1837 that facilitate binding to HamB (Fig. 3-2C-H).

Cell-based phage defense assays showed that deletion of HamA or HamB, or mutation
of their putative active site residues to create HamA(E138A,K140A)B (HamA™B,
nuclease-deficient) or HamAB(D431A) (HamAB*, helicase-deficient), ablated defense
(Fig. 3-2I). Although single interface mutations failed to impact defense, double
mutation of a conserved interface motif (R/K)XX(R/K) or deletion of entire
helix-loop-helix motifs in HamA blocked Hachiman function. However, these cells were
still viable, suggesting HamA must be activated by HamB to trigger effector function.
Together, these results show that Hachiman requires both nuclease (HamA) and
helicase (HamB) activities for function, and that complexation of HamA and HamB is
essential for activation of phage defense.

3.3.4 HamB is a DNA helicase

Despite its functional requirement for phage defense, the identity of the HamB helicase
substrate is unclear. Using a malachite green assay that detects orthophosphate
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release during NTP hydrolysis'®, we found strong HamB ATPase activity in the
presence of single-stranded DNA (ssDNA, Fig. 3-3A). To test HamB DNA helicase
activity, we performed DNA unwinding assays by incubating HamB with DNA duplexes
of varying lengths and single-stranded overhangs. HamB was capable of
ATP-dependent unwinding of a 15 bp duplex with a 15 nt 3' overhang (Fig. 3-3B). In
addition, HamB unwinds forked, 5' overhang and blunt DNA duplexes, albeit with lower
efficiency compared to 3' overhang-containing substrates, suggesting promiscuous
substrate acceptance (Fig. 3-3C-E, Supplementary Fig. 3-4A-F). Longer duplex
lengths are not well tolerated (Fig. 3-3F). Testing of different DNA duplex and overhang
lengths showed that HamB processes a range of DNA substrates, but prefers longer 3’
overhangs (Supplementary Fig. 3-4A-F).
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Figure 3-3. HamAB is a DNA nuclease/helicase that degrades plasmids in vitro. A) Malachite green
ATPase assays of HamB against a panel of nucleic acid substrates. Individual data points of three
independent biological replicates and the mean and standard deviation are shown. B-E) HamB DNA
unwinding assays on substrates with a 15 bp duplex and a 15 nt 3' OH (B), forked 15 nt OH (C), 15 nt 5’
OH (D), and no overhang (E). DNA substrates are labeled with 5' FAM. Gels are representative of three
independent biological replicates. F) Normalized percent unwinding of DNA substrates with 15 bp
(circles), 25 bp (squares), and 50 bp (triangles) duplex lengths, all labeled with 5" FAM and with a 15 nt 3'
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OH. Individual data points shown are quantifications of replications of unwinding assays in the format of
B-E normalized against basal unwinding (see Methods). G) In vitro plasmid clearance assay after 90 min
at 37°C with ATP using MBP-HamA, HamB, HamAB, and HamA*B visualized on a 0.75% agarose gel. H)
Time course of HamAB plasmid clearance with addition of ATP or E. coli SSB visualized on a native
agarose gel. ) Time course assay as in H with mutant HamA*B. J) ATPase activity of HamB, HamAB,
and HamA*B with or without supercoiled plasmid substrates. Individual data points of three independent
biological replicates and the mean and standard deviation are shown. K) Cartoon depicting a model for
HamAB-mediated plasmid degradation.

3.3.5 HamAB degrades plasmids in vitro

HamB unwinds DNA substrates, and HamA is a putative nuclease. To determine
whether HamA cuts DNA and to ascertain the combined functions of the HamAB
complex, we tested activity against purified plasmid DNA. Titration of the wildtype
HamAB complex, but not HamA*B, in reactions with supercoiled plasmid DNA show
initial plasmid nicking followed by a ladder of degradation products which converged to
sizes between 50 and 200 bp irrespective of input plasmid topology (Fig. 3-3G,
Supplementary Fig. 3-4G-H). We also observed cleavage of short dsDNA and ssDNA
substrates (Supplementary Fig. 3-41-J). Our observations are consistent with HamA
acting as a nuclease effector in Hachiman immunity, though the exact nature of HamA
cleavage remains unclear owing to its insolubility in vitro (Supplementary Fig. 3-3A).
Although HamA*B cannot cleave DNA, it forms a low-mobility species upon addition of
ATP that may represent a different state captured only when the HamA nuclease is
catalytically deactivated (Fig. 3-3G).

To assess the possible influence of phage-encoded single-stranded binding (SSB)
protein, which has been implicated in activating Hachiman and other antiphage
defense systems'®'%%'% e incubated reactions with either E. coli SSB (EcSSB) or
phage T4 gp32 (T4SSB) prior to addition of Hachiman components. Both types of SSB
induced complete ATP-dependent plasmid degradation, arguing against direct
recognition of phage SSB in Hachiman activation (Fig. 3-3H, Supplementary Fig.
4K-L). In time-course experiments, addition of either ECSSB or T4SSB accelerated the
rate of plasmid interference (Supplementary Fig. 3-4K-L). SSB also facilitates
complete ATP-dependent degradation of a 75 bp dsDNA, though ssDNA substrates are
protected by excess SSB (Supplementary Fig. 3-41-J). EcSSB did not have an
observable effect in HamA*B time courses (Supplementary Fig. 3-4M), implying HamA
nuclease activity is required for subsequent DNA unwinding in vitro (Fig. 3-3I). SSB
stimulates HamAB DNA unwinding and cleavage independent of SSB type, potentially
by preventing reannealing of nascent ssDNA (Fig. 3-3H)'®°.

We noted that the low mobility species observed in HamA*B-plasmid reactions
accumulates in an ATP-dependent manner (Fig. 3-3l). ATPase assays with HamB,
HamAB and HamA*B in the presence of plasmid DNA reveal that unlike HamAB, both
HamB and HamA*B suppress ATPase activity upon substrate addition (Fig. 3-3J). The
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low mobility species may therefore represent a state in which HamA*B ATP-binding
enables association with, but not cleavage of, intact dsDNA. These data imply not only
that plasmid destruction requires DNA cleavage by HamA, but also that this activity
may be coupled with HamB ATPase activity (Fig. 3-3J). Considering HamAB does not
require ATP to degrade plasmid DNA in the absence of SSB, we postulate that HamAB
loads DNA ends induced by HamA nicks generated in vitro by high relative
concentrations of complex (Supplementary Fig. 3-4G). Nicking triggers ATP hydrolysis
which in turn activates further HamA-mediated degradation (Fig. 3-3K). When the
HamA nuclease is inactivated, HamB does not load DNA ends, but can nonetheless
bind intact DNA in an ATP-dependent manner (Fig. 3-3J).

3.3.6 Structural basis of HamB DNA binding

Our biochemical studies suggest two modes of DNA binding, one that triggers ATP
hydrolysis and cleavage (Fig. 3-3l), and one that enables binding of HamAB to intact
dsDNA (Fig. 3-3J). We observed ATPase activity upon incubation of HamB with a
mixed base ssDNA substrate. We performed cryo-EM analysis on a complex of HamB
and ssDNA with ATP added during complexation. In the resulting 2.8 A reconstruction,
HamB retains the general domain organization observed in the apo HamAB structure
(Fig. 3-4A-B, Supplementary Fig. 3-5A-l, Supplementary Table 3-1), but lacks the
extended helix-loop-helix motif that contributes to HamA binding (Figs. 3-2D, 3-4B).
Disorder of this region in the HamB-DNA structure further supports its important role in
complexation. Surprisingly, despite the addition of only ssDNA to HamB during sample
preparation, we observed duplex DNA in the cryo-EM density. The duplex, which is 8
bp in length, arises from a partially palindromic region of the DNA substrate. The
duplex appears partially unwound, with one 3’ end bound within the HamB nucleic acid
binding pocket (Fig. 3-4C). Several residues including, but not limited to, canonical
Walker motifs contribute to ssDNA binding in the helicase core (Fig. 3-4D, Fig. 3-3H-I).
In the midsection of the duplex, a ‘pin’ reminiscent of the strand unwinding wedge in
the PriA primosomal helicase lies in the center of the duplex and pries the strands apart
by pi stacking and physical occlusion (Supplementary Fig. 3-5J)'°¢'%". Observation of
a 3' end in the entry site of the helicase is consistent with the 3' to 5" polarity
determined in vitro (Fig. 3-3B). When we mutagenized a conserved threonine which
forms a hydrogen bond with the 3' hydroxyl (Fig. 3-4C), Hachiman lost antiphage
activity (Supplementary Fig. 3-5K). Recognition of a 3" DNA end is important for
immune activation.
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Figure 3-4. Structural basis of HamB-DNA binding and helicase ratcheting. A) Cryo-EM density of
the 2.8 A HamB-DNA density. The sharpened map is colored according to domain, while the
unsharpened map is overlaid and transparent. B) Orthogonal views of the 2.8 A HamB-DNA structure. C)
Detail of the 3" end of the DNA buried within the DNA entry site of HamB. Hydrogen bonds and
contributing residues are shown with a dashed line. D) Detail of the DNA duplex-interacting RecA2 loop.
E) Left, superimposed conformers of HamB-DNA viewed from the DNA side, with conformation 1 (2.8 A)
colored teal and conformation 2 (2.9 A) colored burgundy. Right, conformations 1 and 2 viewed from the
NAH side and transparent, with vectors colored according to domain representing motion between the
two conformations. Vectors are scaled 2x and are calculated using modevectors. F) Representative
disruption of the predicted AB interface between the two HamB conformations. AB interactions
disrupted by HamB motion are shown and labeled. G) Native PAGE of reactions of the HamAB complex
with the DNA where ratcheting was observed in cryo-EM. ATP and DNA appear to dissociate the AB
complex. H) Model for HamB signal transduction to the NAH and concomitant release of HamA.

3.3.7 Helicase ratcheting may activate HamAB

We noticed significant conformational variability in the HamB-DNA particle ensemble.
Using 3D variability analysis and 3D classifications, we resolved an alternative
conformation (conformation 2) of HamB to a nominal resolution of 2.9 A (Fig. 3-5A-I,
Supplementary Table 3-1, Methods). In the alternate conformation, we observe
repositioning of the RecA2, NAH and CAH domains coupled with pitching of the DNA
duplex by approximately 10° (Fig. 3-4E, left). DNA contacts and the RecA1, WH* and
OB folds remain virtually unchanged. Viewed from the HamA direction, the NAH and
CAH rotate clockwise, while RecA2 moves counterclockwise (Fig. 3-4E, right).
Large-scale movement of the NAH-RecA2 interface involves remodeling of interface
regions. For example, Tyr525 and Trp521 residues on a distal RecA2 sheet contacting
the NAH shift ~9 A between the two conformations (Supplementary Fig. 3-5L). We
propose that dynamic switching between HamB conformations represents helicase
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‘ratcheting’ upon entry of the DNA substrate into the active site and triggering of
ATPase activity. Motion of the RecA2 domain upon helicase ratcheting transduces to
the NAH (Fig. 3-4E). The NAH is responsible for binding the HamA nuclease (Fig.
3-2C-F, 2lI). We superimposed each conformation of HamB bound to DNA with HamB
in the apo complex structure. In conformation 1, HamB is in approximately the same
position as HamB in the AB complex. Changes in conformation 2 appear to disrupt
predicted interactions with HamA (Fig. 3-4F), including hydrogen bonds in
HamA159-199, a region shown to be essential for defense (Fig. 3-2I).

Structural evidence suggests helicase 'ratcheting’ transduces motion to the NAH. To
test whether helicase motions disrupt the complex, we incubated HamAB with the
mixed base ssDNA seen in HamB-DNA structures. Addition of ATP and DNA
modulates the HamAB complex, suggesting ATP hydrolysis upon substrate recognition
provides input energy to allosterically activate HamAB, potentially by releasing HamA
(Fig. 3-4G). We observed ATP-dependent disassembly of the complex via size
exclusion chromatography (Supplementary Fig. 3-5M). Together, these data support a
model in which structural changes in HamB may release HamA upon entrance of
ssDNA into the helicase active site (Fig. 3-4H). In further support of this model, plasmid
assays show that nicked DNA triggers ATPase activity, while intact DNA untouched by
HamA nucleolytic activity does not activate ATP hydrolysis (Fig. 3-3J).

3.3.8 Hachiman degrades phage and host DNA simultaneously during infection

Hachiman binds and degrades DNA. To connect the proposed HamAB structural states
with cellular activities, we visualized Hachiman responding to phage infection in vivo
using time-course fluorescence microscopy. In uninfected cells, neither wildtype nor
inactivated HamAB affected nucleoid morphology (Fig. 3-5A,B). When we challenged
the control strain lacking Hachiman with sensitive phage EdH4 (Fig. 3-1F), we
observed that decondensed DNA begins to appear 10 minutes post-infection (mpi, Fig.
3-5A). There was no significant difference in the development of this phenotype
compared to cells expressing inactive HamAB mutants (Fig. 3-5B, HamA*B or
HamBA*). However, when we infected cells expressing wildtype HamAB, the nucleoids
significantly decreased in size by 30 mpi. By late infection (50 mpi), most cells are
‘phantom cells’, containing only a small punctum or no visible DNA (Fig. 3-5B). Across
three biological replicates, at 50 mpi the median DNA cross-sectional area was <0.2
pum? in our HamAB strain. In contrast, the median DNA cross-sectional area was >0.9
pum? at 50 mpi in the absence of HamAB or during expression of an inactive mutant.

As determined by time-lapse brightfield microscopy, the average time-to-lysis for EdH4
infecting the control strain under our imaging conditions is ~75 mpi (Fig. 3-5C). As
expected for an abortive infection mechanism (Fig. 3-1G, Supplementary Fig.
3-2D-F), Hachiman is activated and degrades DNA well before host-cell lysis under
wildtype conditions, preventing the release of phage progeny at the expense of cellular
viability’. These observations are consistent with the abortive infection phenotype
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observed in phage production assays (Fig. 3-1G, Supplementary Fig. 3-2D-F) and
agree with biochemical and structural data identifying Hachiman as a DNA-degrading
defense system.
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Figure 3-5. Hachiman defends against bacteriophage by nonspecific DNA clearance. A) EdH4
infection time-course in E. coli expressing wildtype HamAB, HamAB* (HamAB(D431A)) or HamA*B
(HamA(E138A,K140A)B) or lacking the Hachiman system (- control). Cell membranes were stained with
FM4-64 (red) and DNA was stained with DAPI (cyan). Scale bar = 3 pm. MOI = 2. B) Quantification of
intracellular DAPI-stained DNA cross-sectional area over the course of EdH4 infection. Dots represent
individual medians from three biological replicates. ** p < 0.01 by Dunnett’s test. n >225 in total across all
replicates for each condition (see Methods). C) Time-to-lysis of EdH4 infecting the control strain based
on time-lapse brightfield microscopy under the same growth and infection conditions as the time-course
in (A) and (B). Black points represent the mean cumulative percentage of total lysed cells that have burst
at 10 minute intervals over the course of EdH4 infection, measured in triplicate. Shaded region
represents the standard deviation.

3.3.9 DNA damage activates Hachiman

Hachiman responds to phage infection by clearing cells of DNA. The HamB helicase
recognizes 3' ssDNA ends and activates ATP hydrolysis (Fig. 3-2B-F, J), which in turn
activates the HamA nuclease (Fig. 3-4E-H). Since Hachiman defends against diverse
bacteriophage genera with little or no protein homology, we considered the possibility
that Hachiman does not directly recognize a conserved phage component such as
phage-encoded SSB'®. Instead, Hachiman could sense general changes in host

physiology.

We reasoned that small molecules that interfere with DNA metabolism might
differentially engage Hachiman and elicit bacterial toxicity if it responds to changes in
host genome integrity. To test this hypothesis, we treated cells expressing Hachiman
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with minimum inhibitory concentrations of DNA-damaging antibiotics. To control for
confounding factors arising from potential drug-induced excision of endogenous
MGEs, we used the E. coli MDS42 strain background, which is devoid of cryptic
prophage and insertion sequence elements'®®'® We first showed that Hachiman
retains antiphage activity invading phages in this strain background (Supplementary
Fig. 3-6A,B), confirming that Hachiman activity is not dependent on known cryptic
prophages and insertion sequence elements. We next treated cells with nalidixic acid
(nal), a quinolone inhibitor of DNA gyrase and topoisomerase IV (topo IV)'"*'"", Aberrant
persistence of the protein-DNA linkages during topoisomerase inhibition by nal results
in DNA nicks, replication fork arrest, and double-strand breaks (DSBs)'’?'"°. In the
absence of bacteriophage, we observed growth inhibition in response to minimum
inhibitory amounts of nalidixic acid when WT Hachiman was present compared to
HamA- and HamB-inactivated mutants (Fig. 3-6A, Supplementary Fig. 3-6C).
Novobiocin (novo) is an aminocoumarin that also interferes with gyrase and topo 1V, but
by an orthogonal mechanism which subverts direct DNA damage'®'”". In growth
experiments, WT HamAB had minimal differential effects after novo treatment (Fig.
3-6B, Supplementary Fig. 3-6D). Rather than inhibit an essential enzyme regulating
DNA topology, the polyketide/peptide bleomycin directly induces ss- and dsDNA
breaks by generation of radical intermediates’’®. Wildtype Hachiman caused elevated
toxicity during bleomycin treatment compared to HamA and HamB mutants (Fig. 3-6C,
Supplementary Fig. 3-6D). Cultures treated with mitomycin C, an alkylating agent
which causes interstrand DNA crosslinks and subsequent DSBs, also enhanced
toxicity of wildtype Hachiman compared to mutants (Fig. 3-6D, Supplementary Fig.
3-6E)'”°. In both mitomycin C and bleomycin treatment conditions, we noticed that
strains expressing mutant HamB were consistently more sensitive than HamA mutants.
As a control, we treated cultures with gentamycin, an aminoglycoside that inhibits
translation by binding to the 30S ribosomal subunit’®. Consistent with DNA
damage-dependent activation, we observed near-equivalent responses to all
Hachiman constructs to gentamycin exposure (Fig. 3-6E, Supplementary Fig. 3-6F).
Our results demonstrate that Hachiman can reliably be triggered in the absence of
bacteriophage, that activation follows direct DNA damage and that activation requires
the combined catalytic activities of HamA and HamB.
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Figure 3-6. DNA damage activates Hachiman. A-E) Cell growth of E. coli MDS42 expressing wildtype
HamAB, HamA*B and HamAB* at 20 nM aTc aTc in the absence or presence of minimum inhibitory
concentrations of nalidixic acid (A), novobiocin (B), bleomycin (C), mitomycin C (D) and gentamycin (F).
Growth curves are colored according to condition. See Supplementary Fig. 3-6 for complete minimum
inhibitory concentration determinations. Data are presented as the mean of three biological replicates +
standard deviation.

3.3.10 Hachiman associates with intact dsDNA

Our data are consistent with a model in which Hachiman triggers abortive infection
when 3' ssDNA enters the HamB active site. Although the exact mechanism of DNA
damage ‘sensing’ by HamB remains unclear, we observed formation of ATP-dependent
HamA*B-DNA complexes in vitro (Fig. 3-3l). We used cryo-EM to visualize this state.
HamA*B was incubated with plasmid DNA and ATP for 30 minutes of reaction, after
which the specimen was frozen (Fig. 3-7A). In the resulting micrographs, many
particles can be seen binding intact plasmid DNA (Fig. 3-7B). In 2D class averages of
plasmid-bound particles, complete HamA*B complexes are seen, with duplex DNA
spanning the protein and bending slightly at the point of contact (Fig. 3-7C,
Supplementary Fig. 3-7A). The angle of the DNA in this ‘scanning’ state is orthogonal
to DNA resolved in the ‘loading state’ in HamB-DNA structures (Fig. 3-7D). Masked 3D
classification and unbiased alignments produced a map with a 3.2 A nominal
resolution, with lower resolutions (5-7 A) for the plasmid DNA, although the major and

60



minor grooves in the central region are apparent (Fig. 3-7E-F; Supplementary Fig.
3-7A-E; Supplementary Table 3-1). The dsDNA interacts with the RecA2 loop region
(Fig. 3-7E). There are few differences between the rest of the complex and the apo
HamAB structure (Fig. 3-2B). In the molecular model, duplex DNA occupies the same
location as RecA2 loop - we could not find an alternate conformation of the loop
structure, leading us to conclude that it becomes disordered once DNA is bound (Fig.
3-7F). ATP occupies the binding pocket, consistent with biochemical results (Fig.
3-3lI-J). Contacts made with ATP are in agreement with predictions for HamB Walker
and helicase motifs (Fig. 3-7G; Supplementary Fig. 3-3H-I). Our observations suggest
that HamAB surveys DNA in an alternative ‘scanning’ mode which may enable
monitoring of dsDNA. In this mode, which is facilitated by the RecA2 DNA loop, DNA is
restrained from the nuclease active site (Fig. 3-7H). Upon phage infection, or
conditions which cause elevated levels of DNA damage, HamAB activates by loading
of a DNA end, or potentially by recognition of specific DNA structures involved in
damage responses such as displacement loops (Fig. 3-71). Entrance of ssDNA into the
helicase active site triggers ATPase activity, leading to structural rearrangements
enabling HamA activation (Fig. 3-7J).
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Figure 3-7. Hachiman scans intact dsDNA. A) HamA*B-plasmid +ATP specimen preparation. B)
Representative motion-corrected, dose-weighted cryo-EM micrograph from the HamA*B-plasmid DNA
dataset. Plasmid DNA and bound particles are indicated with white arrows. C) Representative 2D
classes of particles bound to plasmid DNA. D) Cartoon depicting the scanning state resolved here and
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colored according to domain. Protein regions are from the 3.2 A deepEMhancer-sharpened map, while
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views of the HamA*B-plasmid DNA structure. The DNA sequence is unknown. G) Detail of ATP in HamB,
with residues and hydrogen bonds shown. The density is masked to ATP. H) Cartoon showing separation
of intact dsDNA from the HamA active site. I) Model of threshold activation of Hachiman. J) Proposed
mechanism of Hachiman activation.

3.4 Discussion

Our results reveal that the Hachiman prokaryotic defense system is a
nuclease-helicase complex, HamAB, that responds to changes in genome integrity.
Upon contact with a free ssDNA end, the end inserts into the HamB active site to
induce ATP hydrolysis, HamB ratcheting and activation of the HamA nuclease.
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Activated Hachiman catalyzes DNA degradation, creating ‘phantom’ cells cleared of
both phage and host DNA, reminiscent of NucC-mediated clearing in some Type llI
CRISPR-Cas systems'. That Hachiman separates its nuclease and helicase
components between two subunits, HamA and HamB, may be intrinsically linked to its
robust abortive infection phenotype. Trans nuclease activity from HamA activation
could initiate a positive feedback loop. Elevated DNA damage due to HamA activation
may then enable other Hachiman complexes to detect new sites of DNA damage,
amplifying the immune response. We propose that major changes in genome integrity,
such as host genome degradation or recombination-dependent replication by dsDNA
phages'®®, result in accumulated damage. Extensive damage ‘tips the scales’ towards
Hachiman activation, leading to Hachiman-induced DNA damage and phage restriction
through abortive infection. Our results implicate genome integrity as an important
battleground during viral infection.

The spread of 'selfish' mobile genetic elements significantly alters nucleic acid
metabolism in the cell. For instance, phage T4 degrades the host genome to
preferentially replicate and suppress antiphage activities'®>'®, However, viral teleonomy
involves tradeoffs: rapid replication leads to higher error rates, increasing the
frequency of lesions and stalled replication forks. This is compounded by damage
inflicted on the phage genome by other defense systems'®®. Phages engage in
orthogonal homologous recombination to compensate, a process that universally
involves a free 3' ssDNA end and displacement-loop intermediates'®'®”. We propose
that Hachiman senses and activates in response to motifs associated with stress on
the integrity of host or phage DNA'®, enabling viral sensing across a range of infection
strategies. This explains the broad spectrum protection conferred by Hachiman. The
exact identity of 3' end-containing DNA structures which activate Hachiman during
phage infection is an area of future interest. We imagine that Hachiman is evolutionarily
tuned to activate only when DNA damage is too severe for the host DNA repair
machinery to remedy, or if invading entities undergo uncontrolled replication*® '8¢,

A recent study proposed phage-encoded SSB activates B. cereus Hachiman'®,
However, our data suggest this mode of activation is a proxy for the true activator of
Hachiman encoded in DNA structure. One parsimonious explanation is that expression
of phage SSB is incompatible with host replication and recombination machinery while
the phage preferentially replicates its own genome. This could result in DNA damage or
produce structures such as displacement-loops that appear as DNA damage to
Hachiman. In vitro activation of ECOR31 HamAB activity did not require SSB, nor was
a differential effect seen when comparing phage and host SSB, consistent with
observations in the XPD SF2 helicase'®®. Considering the minimal sequence and
structural homology between the two stimulatory SSBs, we consider it unlikely that
either activates HamB by protein-protein interactions. Our results imply other defense
systems believed to be SSB-activated may be stimulated by DNA damage'®*'®.
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As Hachiman both senses and induces DNA damage, Hachiman must be regulated
during normal cell activities. We find ectopic Hachiman expression to be mildly toxic
(Supplementary Fig. 3-7F), in line with prior work'®, as a fitness cost of carrying a
potent and general immune system. During normal cell activities, DNA damage is likely
limited and transient thanks to proofreading activities of the native DNA repair
machinery (Fig. 3-71)''. How Hachiman interfaces with evolutionarily conserved DNA
repair pathways to limit premature activation is of future interest. Cells harboring
Hachiman wield broad-spectrum defense, but at the risk of autoimmunity.

We identify HamA, previously DUF1837, as the effector nuclease responsible for DNA
clearance. Compared with structural homologs in Type IIS restriction-modification
systems, HamA contains insertions that mediate interactions with HamB. Considering
the HamA interaction domain (NAH) is present in all HamBs, and that this interaction
domain is absent in close relatives in the Ski2 subfamily (Supplementary Fig.
3-5M)'9'% we propose HamA insertions were acquired during Hachiman evolution to
enable nuclease regulation and allosteric activation. Another distinguishing feature of
HamB is the loop on the crown of the RecA2 domain which both facilitates ‘scanning’
of intact dsDNA and forms contacts with DNA during loading into the helicase active
site. Comparison to predicted structures of HamB orthologs confirms that either the
RecA2 loop or a highly positively charged patch exists at this position, suggesting
dsDNA sliding or binding may be a common feature in Hachiman defense
(Supplementary Fig. 3-7G). Other immune helicases have been proposed to ‘scan’
DNA or RNA for pathogenic signatures'®'%, Future studies should address the nature
of HamAB DNA surveillance with single molecule techniques.

The AbpAB antiphage defense system was described before the identification of
Hachiman'®. AbpAB encodes a nuclease (AbpA) and a Ski2-like helicase (AbpB) with
combined activity against DNA. The N-terminal domain of AbpA is similar to the Cap4
endonuclease domain from CBASS systems'®. The C-terminal domain of AbpA is
remarkably genetically and structurally similar to HamA, but contains catalytically
inactive residues within the HamA active site (Fig. 3-2, Supplementary Fig. 3-2A,
Supplementary Fig. 3-7H). AbpAB was recently shown to activate in response to
mitomycin C-induced DNA damage, in agreement with our data'®*. Based on structural
and functional homology, we propose AbpAB is a Hachiman variant with an N-terminal
fusion in the HamA homolog AbpA (Supplementary Fig. 3-2A,B). Why AbpAB would
encode a catalytically inactive form of the HamA nuclease while carrying an additional,
distinct endonuclease remains enigmatic.

Beyond antiphage immunity, Ski2-like helicases variably accept RNA or DNA
substrates'®. Our biochemical results demonstrate HamB is more functionally similar to
the Ski2-like DNA helicase Hel308 than Ski2 RNA helicases involved in RNA regulatory
processes such as splicing and mRNA decay. Hel308 is conserved in archaea and
metazoans, but is absent in bacteria and fungi'®'%®. Like HamB, Hel308 has a wide
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substrate scope, with a preference for 3' to 5' DNA unwinding’"'®, Human Hel308
(HELQ) is involved in DNA repair and was shown to localize to sites of DNA damage
induced by mutagens in vivo'®?'. We observed an analogous response to DNA
damage induced by drugs in cells harboring Hachiman. Genetic similarities and
functional symmetries between HamB and Hel308 suggest an evolutionary relationship.

This study provides structural and biochemical analyses of Hachiman function that
extend our understanding of prokaryotic immune mechanisms. The Hachiman sensor
helicase HamB has surprising functional similarities to the archaeal and metazoan DNA
repair helicase Hel308, which may explain its general activity against DNA damage.
Genome integrity sensing may be a more general role of helicases in immune systems
beyond Hachiman.

In this study, we propose a mechanism for Hachiman immunity, but several questions
remain. We resolved only partial strand unwinding in HamB-DNA structures, though
complete melting was observed for short duplexes in vitro (Fig. 3-3F). The role of
HamB translocation, and whether it contributes to immunity beyond sensing DNA
damage and releasing HamA, is unclear. Relatedly, whether HamB actively ‘passes’
HamA to loaded DNA (cis cleavage) or simply releases the nuclease for degradation
(trans cleavage) is an open question. The relative proportion of cis to trans cleavage is
probably salient to the level of defense conferred by Hachiman. Structural views of
HamA alone and bound to target DNA could further elucidate the molecular
mechanism. Phage-encoded peptide inhibitors of Hachiman were recently reported,
though the mechanism of action is mysterious®®. Structural data from this work will
guide future studies exploring how phages counteract Hachiman defense.

3.5 Methods

3.5.1 Bacterial strains and bacteriophages

For standard cultivation, E. coli strains were grown in LB media at 37°C at 250 rpm.
Whenever applicable, media was supplemented with carbenicillin (100 pg/mL),
chloramphenicol (20 pg/mL) or kanamycin (50 pug/mL) to ensure plasmid maintenance.
For bacterial assays, strains were maintained as 25% (v/v) glycerol stocks at -80°C.

Phage propagation was performed using commonly employed protocols. In general,
phages were propagated at 37°C in LB Lennox media using an initial MOI of 0.1 and
host E.coli BW25113 (F- DE(araD-araB)567 lacZ4787(del)::rrnB-3 LAM- rph-1
DE(rhaD-rhaB)568 hsdR514). Phage G17 was propagated on E.coli DSM 103255.
Phage Goslar was propagated on E.coli MC1000. Phages MS2 and M13 were
propagated on E. coli dh5a F’ cells with added 1 mM CaCl2. All phage titers were
determined on their assay hosts harboring a negative control plasmid (pBAG635).
Infections were carried out as detailed in each section.
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3.5.2 Helicase and Hachiman phylogenetic analysis

Proteins chosen for phylogenetic analysis were from DefenseFinder RefSeq db with a
RefSeq Protein ID%®'*, Proteins from non-Restriction-Modification (RM) defense
systems encoding a SF1/SF2 helicase domain were further selected for phylogenetic
comparison: AbiR (AbiRc), Azaca (ZacC), BREX (BrxHI, BrxHIl), DISARM (DrmA, DrmD),
Dpd (DpdE, DpdF, DpdJ), Druantia (DruE), Gabija (GajB), Gao_RL (RL), Hachiman
(HamB), Hhe (HheA), Hna (Hna), Mokosh (MkoA, MkoC), Nhi (Nhi), PsyrTA (PsyrT), Rst
Helicase+DUF2290 (Helicase), Shango (SngC), Type | CRISPR-Cas (Cas3), Type IV
CRISPR-Cas (Csf4/DinG), and Zorya (ZorD). Helicase proteins without RefSeq protein
IDs or not tracked in DefenseFinder (ex. Hma) and from RM defense systems (ex. Type
| (Type_Ill_REases) and Type lll RM (Type_Ill_REases)) were not included in the analysis.

For analysis of SF1 and SF2 helicases, 4 randomly chosen examples of the above
defense-associated SF1/SF2 helicases were selected and compared to a curated set
of SF1/SF2 helicase core domains'®. To focus our analysis on the helicase core
domain, we manually curated the helicase core domain of defense-associated
helicases through structural alignment followed by sequence alignment. First, a
predicted AlphaFold2 structure of each defense-associated helicase was aligned to the
core helicase domain of HamB (PDB ID: 8VXA, this work, residues 286-472,
500-731)%%143293 within the core helicase domain were inferred. Next, for each helicase
type, representative helicases were aligned to the corresponding annotated reference
using MUSCLE (default parameters), core helicase annotation extracted and insertions
removed in Geneious Prime v2023.2.12°#2%To build the helicase tree, sequences were
concatenated with a curated set of SF1/SF2 core helicase domains'®, aligned using
ClustalOmega (default parameters), phylogenized using IQ-TREE (-bb 1000, -m MFP
(optimal model: LG+R8)), bootstraps inferred using UFBoot2 and visualized using
iTOL?%%2%_ Clades were inferred by using bootstrap values = 85 followed by analysis of
associated sequences.

For analysis of full-length HamA and HamB, proteins were combined and clustered
using mmseqgs2 (80% coverage, 80% sequence identity)*’°. HamA nucleases and
HamB helicases investigated in this study from ECOR04, ECOR28, and ECOR31 and
from prior work*'®* were spiked into this collection of non-redundant protein
sequences for in-group analysis. Sequences were aligned with ClustalOmega (default
parameters), phylogenized using IQ-TREE (-bb 1000, -m MFP (optimal model:
LG+F+R8 (HamA), LG+F+R10 (HamB))) and visualized using iTOL?%®?%"2% Clades were
inferred by using bootstrap values > 85 in the HamB followed by analysis of spiked-in
in-groups.
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3.5.3 Identification and visualization of Hachiman-containing loci

Hachiman loci and nearby defense systems were identified in ECOR04
(NZ_QOWP01000021), ECOR28 (NZ_QOXNO01000003) and ECOR31
(NZ_QOXQ01000009) using PADLOC'™3. Gene annotations were visualized and

represented using dna_features_viewer?'".

3.5.4 Plasmid and strain construction

All new plasmids in this study were constructed through PCR, gel extraction (Zymo
D4001) and through Gibson assembly?’? or Golden Gate assembly?’®. DNA PCR
templates for wildtype and mutant Hachiman loci originated from isolated gDNA
(Qiagen DNeasy Blood & Tissue Kit, 69504) from ECOR04, ECOR28 and ECOR31. For
most E.coli assays, Hachiman loci were cloned under pTet control into a p15a vector
with chloramphenicol (Cm, Sigma) resistance. For E.coli assays involving low-copy
vectors, Hachiman loci were cloned under pJEX control into a SC101 vector with
Kanamycin (Kan, Sigma) resistance. For protein expression and purification, Hachiman
loci were cloned under T7 control in a high copy vector with carbenicillin resistance. In
general, plasmids were propagated in dh10b genotype E.coli (F - mcrA
A(mrr-hsdRMS-mcrBC) endA1 recA1 $80dlacZAM15 AlacX74 araD139 A(ara, leu)7697
galU galK rpsL (StrR) nupG A-) (Intact Genomics). For subsequent phage assays, some
plasmids were transferred to E.coli MC1000, E.coli ECOR47 or E.coli dh5a F’ where
indicated. For protein expression and purification, plasmids were transformed into
BL21 Al genotype E.coli (F- ompT hsdSB (rB-mB-) gal dcm araB:: T7RNAPtetA). All
plasmids used in this study were sequenced-confirmed by full-plasmid sequencing
services using Primordium.

3.5.5 Plaque assays

Phage plaque assays were performed using a double agar overlay protocol. Briefly,
cultures were grown overnight at 37 °C and 250 rpm. To form overlays, 100uL of
saturated culture was mixed with molten LB Lennox agar (0.7% w/v agar, 60°C). For
assays involving G17 or Goslar a less-dense agar concentration was used (0.35% w/v).
The agar-bacterial mixture was supplemented with Cm to a final overlay concentration
of 34 yg/mL and anhydrotetracycline (aTc) (Sigma) concentration of 20 nM. For phages
M13 and MS2 an CaCl, was added to a final concentration of 1 mM. The top agar and
bacterial mixture was poured onto a 5 mL LB Agar and Cm plate and left to dry under
microbiological flame for 15 minutes. For plaque assays involving low copy Hachiman
loci (strains containing pBA1558 or pBA1747), the agar-bacterial mixture was
supplemented with Kan to a final overlay concentration of 50 ug/mL and no inducers
were added. Phages were diluted 10X in SM buffer (Teknova) and 2 uL of each dilution
were spotted onto the top agar and left to dry under microbiological flame. Once dry,
plates were incubated at 30°C for 12-16 hours. Plates were scanned in a standard
photo scanner and plaque forming units (p.f.u) were enumerated, keeping note of
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changes in plaque size relative to a negative control. During assays where “lysis from
without”®'* phenotypes were observed, we interpreted these as a lack of productive
phage infection and were approximated as 1 PFU at that concentration. Efficiency of
plaquing (EOP) calculations were calculated as mean(p.f.u.condition)/
mean(p.f.u.negativecontrol) in Python. The negative control is defined as catalytically
deactivated RfxCas13d under pTet control using an RFP-targeting guide®®. All plaque
assays were performed in biological triplicate. Visualizations were performed using
GraphPad Prism or Seaborn in Python.

3.5.6 Bacteriophage liquid growth assays and phage production estimation

Liquid phage experiments were performed in a Biotek plate reader using LB + Cm +20
nM aTc media. Strains containing a Hachiman-expressing plasmid (pBA1370) or
negative control (pBA1467) were grown overnight at 37 °C and 250 rpm. Strains were
seeded into a 96-well microplate reader plate (Corning 3903) at a cfu of ~8e6 cfu per
well in 200pL media. For phage experiments, EdH4 was diluted to maximal
concentration of 2e10 PFU/mL in assay media,subsequently diluted and 4uL of phage
was added to achieve defined MOls during infection. Growth was monitored in a Biotek
Cytation 5 plate reader for 10 hours at 800 rpm shaking at 37°C with OD600 readings
every 5 minutes. To estimate free phage particle production at the end of liquid phage
assays, wells from infections at defined MOIs were pelleted and the supernatant
collected. Phage titers were enumerated via plaque assay on E.coli harboring pBA635
and free phages were determined by dividing by the effective titer at time 0. All liquid
phage assays were performed in biological triplicate, sourcing strains from
independent overnights. Data were plotted using the matplotlib and seaborn package
in Python.

To estimate free phage particle production from a single round of infection, 5 mL
cultures were inoculated with ~2e8 cfu of E.coli harboring either a
Hachiman-expressing plasmid (pBA1370) or negative control (pBA1467) in LB + Cm
+20 nM aTc media. Cultures were incubated at 37°C, 250 rpm for 15 min. Following
incubation, ~5e6 pfu of phage EdH4 was added to each culture to achieve a low MOI
of ~0.025. Infections were allowed to proceed at 37°C, 250 rpm. At 0, 30, 60 and 90
minutes post infection, 200 pL of infection was sampled, pelleted, supernatant
extracted and stored on ice until all samples were collected. Phage titers were
enumerated via plaque assay on E.coli harboring pBA635 and free phages were
determined by dividing by the effective titer at time 0. Low MOI liquid infection was
performed in biological triplicate, sourcing strains from independent overnights. Data
were plotted using the matplotlib and seaborn package in Python.

3.5.7 Bacterial liquid growth assays

For Hachiman toxicity-profiling experiments, ig10b strains containing a Hachiman-
(PBA1370) or a Hachiman mutant- (pBA1464, pBA1465, pBA1467, pBA1469)
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expressing plasmid were grown overnight at 37°C. Strains were seeded into a 96-well
microplate reader plate (Corning 3903) at a cfu of ~8e6 cfu per well in 200 pyL LB + Cm
media. A concentrated stock of aTc was diluted 10X in LB + Cm media and 4 pL added
to each well to achieve concentrations of 0, 2, 20 and 200 nM aTc.

For antibiotic sensitivity experiments, an E.coli strain lacking transposable elements
including prophages (MDS42) was employed. Strains containing a Hachiman-
(PBA1370) or a Hachiman mutant- (pBA1467, pBA1468 or pBA1469) expressing
plasmid or a vector control (pBA1801) were grown overnight at 37°C. Strains were
seeded into a 96-well microplate reader plate (Corning 3903) at a cfu of ~8e6 cfu per
well in 200uL LB + Cm + 20 nM aTc media. Antibiotics (nalidixic acid (Sigma),
novobiocin (Sigma), gentamycin (Sigma), mitomycin C (Sigma) and bleomycin (Sigma))
experiments, antibiotics were diluted 2X in LB + Cm media and 4 pL added to each
well to achieve final, maximal concentrations of 30 pg/mL, 1000 ug/mL, or 40 pg/mL, 2
pMg/mL or 40 ug/mL respectively. Growth was monitored in a Biotek Cytation 5 plate
reader for 16 hours at 800 rpm shaking at 37°C with OD600 readings every 5 minutes.
Minimum inhibitory concentrations of antibiotic were determined by investigating the
lowest concentration of antibiotic that consistently grew to a lower carrying capacity in
the vector control than the untreated condition.

All assays were performed in biological triplicate, sourcing strains from independent
overnights. Data were plotted using the seaborn package in Python.

3.5.8 DNA Substrate Preparation

Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, 1A).
Substrates used in unwinding assays were prepared by mixing the fluorescent or larger
strand with a 1.5-fold excess of the non-fluorescent strand in hybridization buffer (20
mM Tris-HCI (pH 7.5), 25 mM KCI, 10 mM MgCl,), and heating to 95°C followed by
slow cooling to room temperature for at least an hour. Annealed substrates were
purified on an 8% native PAGE gel.

3.5.9 Protein expression and purification

All Hachiman purification constructs were N-terminally tagged with 10xHis-MBP-TEV.
For complex purification vectors in the native locus format, only HamA was tagged with
10xHis-MBP-TEV. After transformation into BL21-Al E. coli, cells were grown to an
optical density of ~0.6 then induced overnight at 16°C with 0.5 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) and 0.1% L-arabinose. Cells were
harvested and resuspended in lysis buffer 20 mM HEPES, pH 8, 500 mM NaCl, 10
mM imidazole, 0.1% Triton X-100, 1 mM Tris (2-carboxyethyl)phosphine (TCEP),
Complete EDTA (ethylenediaminetetraacetic acid)-free protease inhibitor (Roche), 0.5
mM phenylmethylsulfonyl fluoride (PMSF), and 10% glycerol). Cells were lysed by
sonication, then clarified by centrifugation. The clarified lysate was incubated with
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Ni-NTA resin for 1 hr. The resin was washed with wash buffer (20 mM HEPES, pH 8,
500 mM NaCl, 10 mM imidazole, 1 mM TCEP, and 5% glycerol), then bound protein
was eluted with wash buffer supplemented with 300 mM imidazole. Eluate was then
run over an MBPTrap column (GE Healthcare), washed with MBP/SEC wash buffer (20
mM HEPES, pH 8, 150 mM KCI, 1 mM TCEP, and 5% glycerol), and eluted with
MBP/SEC buffer supplemented with 10 mM maltose. Eluted protein from the MBPTrap
column was treated with TEV protease overnight. Protease-treated samples were
concentrated and run on either a Superdex 200 10/300 GL column (Cytiva) for HamA or
HamB solo constructs, or a Superose 6 increase 10/300 (Cytiva) for HamAB complex
preparations. Aliquots were snap-frozen in liquid nitrogen for later use.

3.5.10 Cryo-EM sample preparation and data acquisition

The apo HamAB complex sample was rerun over a Superose 6 increase 10/300
(Cytiva) column in Cryo-EM buffer 20 mM HEPES, pH 8, 100 mM KCI, 1 mM TCEP,
and 0.5% glycerol). The HamB-DNA complex sample was prepared by combining 15
UM HamB with 20 uM DNA in Cryo-EM buffer supplemented with 1 mM ATP and 2 mM
MgCl, and reacting for 30 min at room temperature. Samples were then purified over a
Superdex 200 10/300 GL column (Cytiva) in Cryo-EM buffer. The HamA*B-plasmid
DNA sample was prepared by combining HamA*B with 1 ug plasmid in cryo-EM buffer
supplemented with 1 mM ATP and 2 mM MgCl,. The reaction was incubated at 37°C
for 5 min, after which the sample was frozen. Samples were frozen in liquid ethane
using a FEI Vitrobot Mark IV cooled to 8°C at 100% humidity on 2/2 200 mesh
UltrAuFoil gold grids (Electron Microscopy Sciences) glow discharged at 15 mA for 25 s
(PELCO easyGLOW). In all cases, 4 ul of each specimen was applied to the grid and
immediately blotted for 5 s with a blot force of 8 units.

For apo HamAB and HamA*B-plasmid datasets, micrographs were collected on a Titan
Krios G3 equipped with a GATAN K3 Direct Electron Detector in CDS mode and a BIO
Quantum energy filter operated at 300 kV and 81,000x nominal magnification in
super-resolution mode (0.465 A/pix). For the HamB-DNA dataset, micrographs were
collected on a Talos Arctica equipped with GATAN K3 Direct Electron Detector
operated at 200 kV and x36,000 magnification in super-resolution. All cryo-EM data
was collected using SerialEM v3.8.7 software®'®. Images were obtained in a series of
exposures generated by the microscope stage and beam shifts. For the HamAB apo
and HamA*B-plasmid datasets, movies were acquired in an 11x11 pattern. For the
HamB-DNA dataset, movies were acquired in a 7x7 pattern.

3.5.12 Cryo-EM data processing

All Cryo-EM data processing was performed in cryoSPARC (v4.2.0 or v4.3.0)''. For the
HamAB apo specimen, 4,796 movies were collected and 2x binned to a calibrated
pixel size of 1.05 A. 3,314 exposures were accepted after patch motion correction and
patch contrast transfer functions (CTF). First, 5,538,550 particles from blob picking
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were subjected to 2D classification and ab initio reconstruction of 3 classes, yielding a
density consistent with a complete heterodimeric AB complex. The initial ab initio
volume was used to create 100 evenly-spaced projection-based templates for further
template picking. The 3,505,636 particles from template picking were subjected to 4
class ab initio reconstruction, which gave a HamAB density of 865,990 particles.
Further 2D classification and 2D rebalancing (with 9 superclasses) were used to
mitigate orientation bias and remove rod-shaped particles missing multiple HamB
domains, leading to a final set of 309,630 particles. Single-class ab initio reconstruction
followed by non-uniform refinement with on-the-fly defocus and CTF refinement steps

gave the final 2.65 A map''®, which was sharpened using DeepEMhancer®".

For the HamB-DNA specimen, 9,133 movies were collected and 2x binned to a
calibrated pixel size of 1.12 A. A total of 8,906 exposures were accepted after patch
motion correction and patch CTF. Template picker using templates generated from the
HamB AF2 prediction gave the best results and were used to isolate 18,254,957
particles at a box size of 256 pix. Reasonable 2D classes were used to train deep
picker, which was used to infer 1,125,114 particles at a larger box (512 pix). Ab initio
reconstruction followed by non-uniform refinement gave a consensus 2.76 A density
with considerable heterogeneity. Then, 3D Variability Analysis (3DVA) with 3 modes
using the ‘simple’ output was used to visualize continuous motion'®. 3D classification
with 5 classes was used to resolve densities representing the maxima of motion
resolved in 3DVA. Class 1 of the 3D classification gave HamB-DNA confirmation 1,
which was refined (non-uniform refinement with on-the-fly defocus and CTF
optimization) to 2.79 A and sharpened with DeepEMhancer. Class 0 was refined and
sharpened in the same manner, giving HamB-DNA conformation 2 at 2.93 A

For the dataset containing HamA*B incubated with plasmid DNA, 3724 movies were
corrected for beam-induced motion using patch motion correction, then 2x binned to a
calibrated pixel size of 1.05 A. Contrast transfer function parameters were calculated
using patch CTF. Initially, 16,398,369 particles were picked using blob picker from all
3724 micrographs. Multiple rounds of reference-free 2D classification were
subsequently performed to remove “bad” particles (i.e., particles in 2D classes with
fuzzy or uninterpretable features) vyielding 87,084 particles with clear protein
characteristics. The particles were then submitted for Topaz training, and the resulting
Topaz model was used to pick particles from all 3724 micrographs'", giving a total of
1,322,669 particles. Multiple rounds of reference-free 2D classification were
subsequently performed to remove junk particles. After selecting the best classes,
317,540 particles were used for ab initio reconstruction of 3 classes. Of the 3 classes,
2 classes were selected for subsequent heterogeneous refinement. Heterogeneous
refinement yielded a good class with 205,538 particles, and non-uniform refinement
was performed with the particles from this class, yielding a reconstruction at 2.86 A
resolution. Afterward, multiple rounds of reference-free 2D classification were
performed again to select for good particles which presented resolvable features from
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2D classification, resulting in 103,451 particles selected. Then, ab initio reconstruction
was performed on the selected particles, and subsequently non-uniform refinement,
which resulted in a 2.96 A reconstruction. Then, a focused 3D classification with 4
classes was performed on the predicted DNA binding region of HamA*B, based on
views seen in 2D classification, to classify for DNA-bound HamA*B. To generate the
focus mask, an atomic model of B-form DNA was built at the predicted DNA binding
region, and then a mask of the predicted DNA binding region was artificially simulated
using ChimeraX’s molmap function with subsequent binarization and softening. The
solvent mask was generated to contain both the protein and predicted DNA densities.
The best class containing 29,904 particles yielded a classification that was enriched for
DNA-bound HamA*B. Then non-uniform refinement was performed on those particles,
which resulted in a 3.2 A reconstruction, which was then sharpened with
deepEMhancer. For visualization, a composite map of protein regions from the 3.2 A
deepEMhancer-sharpened map and DNA regions from the 3.2 A sharp map with
B-factor adjustment was made by the color zone segmentation function in ChimeraX.

3.5.13 Model building

The initial model of HamAB was obtained with the ColabFold?®. To build the model, we
fit the Colabfold prediction into the experimental HamAB apo density with the fitmap
tool in UCSF ChimeraX v1.6.12"8, There were significant differences in nearly every
region of the structure which required iterative manual refinement with a combination of
Coot v0.9.4.1"%° |SOLDE v1.6.0*"°, and Phenix 1.20.1-4487?*°, The HamAB apo
structure served as the initial model for all other models. The HamB-DNA and
HamA*B-plasmid DNA models were built in the manner described above. DNA was
built de novo. In the HamA*B-plasmid DNA dataset, the DNA sequence could not be
determined, so DNA was modeled as a 31-mer of A-T to maintain base pair interactions
during model building. All models were subjected to a final round of Phenix real-space
refinement.

3.5.14 NTPase assays

Orthophosphate liberation was determined with a Malachite Green Phosphate Assay kit
(BioAssay Systems, Hayward, CA, USA) according to the manufacturer protocol.
Briefly, HamB reactions were run in Isothermal Amplification Buffer (henceforth I1AB,
New England Biolabs, 20 mM Tris-HCI, 10 mM (NH,),SO,, 50 mM KCI, 2 mM MgSOQO,,
and 0.1% Tween® 20 (pH 8.8 at 25°C). HamB was diluted to 40 nM, and nucleic acid
substrates were diluted to 100 nM, or 4 ng/uL for plasmid reactions, in a total reaction
volume of 80 ul in a clear bottom, flat, black 96-well assay plates (Corning Costar).
Reactions were allowed to sit for at least 15 min at ambient temperature before
initiation with addition of ATP to 1 mM and incubation at 37°C. Reactions were
quenched after 30 min with the addition of activated malachite green reagent. The
absorbance values of wells were measured after 20 min of color development at
ambient temperature with a Biotek plate reader at 620 nm. Orthophosphate liberation
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was interpolated against a standard curve with known concentrations of free
phosphate. Oligonucleotide substrates are modified from Domgaard et al.’®

3.5.15 HamAB activity assays

Plasmid interference assays were conducted in IAB. Plasmids were diluted to 4 ng/pL,
while other dsDNA and ssDNA substrates were diluted as indicated. Nicked and cut
plasmid were generated by treatment with Nt.BspQl (New England Biolabs) and
BamHI-HF (New England Biolabs), respectively. After DNA addition, ATP was added to
a final concentration of 1 mM where indicated. In cases where E. coli (QIAGEN) or
phage T4 SSB (gp32, New England Biolabs) were diluted directly from concentrated
stock to a final concentration of 400 nM, then the SSB-DNA mixture was allowed to
rest for 15 min on ice. Reactions were started with addition of MBP-HamA, HamB,
HamAB, or HamA*B to a final concentration of 500 nM, unless otherwise noted, and
were incubated at 37°C. Reactions were quenched with addition of EDTA to 10 mM at
various time points and were imaged on 0.75% TBE agarose gels in the case of
plasmids, or 2% agarose gels for ssDNA and short dsDNA experiments. Gels were
stained with SYBR-safe and imaged on a ChemiDoc MP (BioRad).

Complex disassembly size exclusion chromatography experiments were run with
elevated concentrations of HamAB (10 pM), ATP or AMPPNP (2 mM) and ssDNA (20
pM) in IAB for a total reaction volume of 100 pL. Buffer was supplemented with KCI for
a final concentration of 500 mM. Reactions were incubated at 37°C for 60 min and
were then loaded on a Superose 6 increase 10/300 (Cytiva) run with modified SEC
buffer 20 mM HEPES, pH 8, 500 mM KCI, 1 mM TCEP, and 5% glycerol).

3.5.16 Gel-shift helicase unwinding assays and quantification

Unwinding reactions were carried out at 30°C in IAB buffer. 100 nM of HamB was
incubated with 20 nM DNA substrate for 5 min, and the reactions with protein were
initiated by addition of ATP or AMPPNP to a final concentration of 1 mM. At either 1
min, 5 min, or 20 min, reactions were quenched on ice with STOP Buffer (0.4 U
proteinase K (New England Biolabs), 18 mM EDTA, 0.36% SDS, and 9% glycerol.
Boiled substrates were incubated at 95°C for 5 minutes before immediate loading.
Samples were electrophoresed until separation in an 8% TBE polyacrylamide gel at
4°C. Fluorescent bands were imaged using a Typhoon FLA scanner and quantified
using Fiji#*'. The fraction of unwound substrate by HamB was estimated by dividing the
intensity of the unwound strand over the sum of the intensities of the unreacted duplex
and unwound strand, minus the fraction of unwound substrate from spontaneous
unwinding without HamB at 20 minutes, then normalized to the fraction of unreacted
duplex without HamB at 20 minutes:

ISSDNA,I _8

[SSDNA,t+ldsDNA,l

normalized fraction unwound by HamB at time t = s ,
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where 6 is the fraction of | unwound spontaneously without HamB.

ssDNA,20
3.5.17 Live single-cell time-lapse and static time-course fluorescence microscopy

Microscopy experiments were performed in biological triplicate. Host cells were grown
to ODgy 0.3 in LB (+chloramphenicol 30 pg/mL) at 30°C. 12 yL were spotted and
spread on the surface of 1% agarose, 25% LB imaging pads containing 30 pg/mL
chloramphenicol and 0.05 nM aTc on single-well concavity glass slides, then incubated
for 2-2.5 hours at 30°C without coverslips in a humidor. At this stage, 5 uL of ~2 x 10
PFU/mL EdH4 lysate was spotted and spread onto the imaging pads and the pads
were incubated at 30°C without coverslips in a humidor until the desired infection time
point. MOI ~2 is estimated based on these initial inocula and infection dose after 2 hrs
of incubation before infection and a 30 minute bacterial generation time.

All live cell microscopy was performed on a DeltaVision Elite Deconvolution
microscope (Applied Precision, Issaquah, WA, USA). For time-course fluorescence
microscopy, imaging pads were stained with 8 pL of dye mix (25 ug/mL DAPI, 3.75
pHg/mL FM4-64) and a glass coverslip was placed on top of the pad immediately before
imaging at room temperature. For each image, 8 slices in the Z-axis at 0.2 um
increments were collected in each imaging channel (DAPI, FM4-64, brightfield).
Exposure times: DAPlI = 15 ms, FM4-64 = 15 or 30 ms, brightfield = 8 ms. For
time-lapse microscopy, unstained cells were imaged at 5 minute intervals from 5 to 125
mpi at 30°C within the environmental control unit enclosing the microscope stage. 8
slices in the Z-axis at 0.2 ym increments were collected only in the brightfield channel
(exposure = 8 ms).

Images were deconvolved in DeltaVision SoftWoRXx (version 6.5.2). Image analysis was
performed using raw images in FIJI (version 2.3.0/1.53q) and GraphPad Prism (version
10.0.0). Figure panels were created in Adobe Photoshop (21.2.0), GraphPad Prism
(version 10.0.0), and Adobe lllustrator (24.2). The following are ‘n’ values are the total
DAPI-stained DNA cross-sectional area measurements for each condition during
time-course fluorescence microscopy (with between 46 and 206 measurements per
condition per replicate depending on cell density in individual microscopy fields). -
control: Uninfected = 525, 10 mpi = 258, 30 mpi = 254, 50 mpi = 249; HamAB:
Uninfected = 261, 10 mpi = 229, 30 mpi = 274, 50 mpi = 240; HamAB*: Uninfected =
264, 10 mpi = 272, 30 mpi = 252, 50 mpi = 285; HamA*B: Uninfected = 230, 10 mpi =
255, 30 mpi = 356, 50 mpi = 277. For time-lapse microscopy, the total number of cells
lysed across all three replicates = 121, with 37-44 cells per replicate.

3.5.18 Quantification and statistical analysis

Statistical details for each experiment are found in the figure legend and the
accompanying method details. Unless otherwise stated, bar graphs represent the
mean of independent biological replicates.
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3.5.19 Data and code availability

Structure coordinates and corresponding density maps have been deposited at the
Protein Data Bank (PDB) and Electron Microscopy Database (EMD), respectively, under
the following accessions: E. coli ECOR31 apo HamAB PDB 8VX9, EMD-43613; E. coli
ECOR31 HamB-DNA (conformation 1) PDB 8VXA, EMD-43615; E. coli ECOR31
HamB-DNA (conformation 2) PDB 8VXC, EMD-43616; E. coli ECOR31
HamA(E138A,K140A)B-plasmid DNA PDB 8VXY, EMD-43643.
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3.6 Supplementary Information
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Supplementary Figure 3-1. Helicases and Hachiman phylogenetic analysis. A) Annotated
phylogenetic tree of phage defense system associated helicase core domains and reference helicases
shown in Fig. 3-1B. Bootstrapping values determined by UFBoot2%%® are shown. B) Zoomed-in view

focusing on represented Ski2 helicases.
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Supplementary Figure 3-2. Function and phylogeny of tested HamAB proteins. A,B) Phylogenetic
tree of (A) HamA and (B) HamB from DefenseFinder'*® with HamA and HamB sequences from this
manuscript and AbpAB'® are labeled. We assign three potential clades of HamB and their corresponding
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HamA clades as I-lll. C) Representative plaque assays for ECOR31 HamAB and phages tested in this
study. D) Growth curves of E.coli expressing ECOR31 Hachiman (left) or HamB mutant (right) during
EdH4 infection at specified MOI. Data are shown as mean + standard deviation across three
independent, biological replicates. E) Phage production assay for EdH4 infection of E.coli expressing
wildtype Hachiman (red) or HamB mutant Hachiman (green). EdH4 titers were estimated over time by
sampling endpoint supernatants of infections from Supplementary Fig. 3-2D. Free PFU was calculated
by dividing the infection titer by the phage titer at 0 minutes post infection (mpi). Data are shown as
mean =+ std across three independent, biological replicates with individual data points shown. F) Phage
replication assay for EdH4 infection of E.coli expressing wildtype Hachiman (red) or HamB mutant
Hachiman (gray). EdH4 titers were estimated over time by sampling from the supernatant of MOI 0.02
infections. Free PFU was calculated by dividing the infection titer by the phage titer at 0 minutes post
infection (mpi). Data are shown as mean + std across three independent, biological replicates with
individual data points shown. G) Efficiency of plaquing for EdH4 infection of ECOR31 Hachiman
expressed from a low-copy (sc101) plasmid under its native promoter. Data are shown as mean = std
across three independent, biological replicates with individual data points shown.
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Supplementary Figure 3-3. Cryo-EM structure of the HamAB apo complex. A) Size exclusion
chromatography traces of MBP-HamA pre-TEV treatment, post-TEV treatment and HamB alone. B) Left,
size exclusion chromatography trace of MBP-HamAB and corresponding peaks run on a coomassie
PAGE gel. Right, size exclusion chromatography trace of HamAB after TEV protease treatment, with
elution fractions run on coomassie PAGE gel shown above. C) Particle picking, classification, and
refinement strategy to generate the final apo HamAB density. D) Orientation distribution of the final
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particle set. E) Gold standard FSC curve. F) Sharpened map colored by local resolution. G) Example
model-to-map fit. H-1) Sequence logos of helicase motifs in the RecA1 (H) and RecA2 () domains
calculated from the HamB MSA. The residue number and identity of the corresponding sequence in
ECOR31 HamB is shown below start and end motif positions. J) Secondary structure diagram depicting
the HamAB interaction interface. K) Comparison of secondary structures of HamA and the P. aquatile

Type IIS restriction endonuclease.
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Supplementary Figure 3-4. Analysis of HamAB biochemical activities in vitro. A-D) HamB DNA
unwinding assays on substrates with a 50 bp duplex and a 15 nt 3' OH (A), 15 bp duplex and 15 nt 3' OH
(B), 15 nt duplex with a 5 nt 3' OH (D), and 15 nt duplex with a 35 nt 3' OH (E). DNA substrates are
labeled with 5" FAM. Gels are representative of three independent biological replicates. E-F) Normalized
percent unwinding of DNA substrates with varying OH lengths (E) and different OHs (F). All substrates are
labeled with 5' FAM. Shown are the mean and standard error of quantifications of three replications of
unwinding assays in the format of A-D normalized against basal unwinding (see Methods). G) Left,
titration of HamAB WT and HamA*B complexes with plasmid DNA. Right, Controls of 40 ng plasmid and
500 nM HamAB and HamA*B demonstrating small amounts of contaminating DNA in protein
preparations. H) Time courses HamAB degradation of supercoiled, nicked, and cut plasmid. I) HamAB
degradation of a 75 bp dsDNA PCR product with or without ECSSB. J) HamAB degradation of a 5' FAM
labeled 75 nt ssDNA with or without EcSSB. K) Comparison of Hachiman protein and complex plasmid
activities with or without phage T4gp32 (T4SSB). M) Time course of plasmid degradation by HamA*B
with or without ATP and E. coli SSB. Conditions in absence of E. coli SSB are also shown in Fig. 3-3H.
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Supplementary Figure 3-5. Cryo-EM structure of two HamB-DNA complex conformations. A)
Particle picking, classification, and refinement strategy to generate the final HamB-DNA densities for
conformations 1 and 2. B) Orientation distribution of the final conformation 2 particle set. C) Gold
standard FSC curve for conformation 2. D) Conformation 2 Sharpened map colored by local resolution.
E) Orientation distribution of the final conformation 1 particle set. F) Gold standard FSC curve for
conformation 1. G) Conformation 1 Sharpened map colored by local resolution. H) Example
model-to-map fit for conformation 2. 1) Example model-to-map fit for conformation 1. J) Molecular detail
of the PriA-like strand unwinding pin in HamB-DNA conformation 1. K) Efficiency of plaquing for a
Hachiman mutant (T407A) deficient in the ability to form a hydrogen bond with the 3' hydroxyl of ssDNA.
Data are shown as mean + std across three independent, biological replicates with individual data points
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shown. L) Detail of the HamB RecA2-NAH interface and comparison of conformational changes. M) SEC
traces showing ATP-dependent disassembly of HamAB upon addition of ssDNA. Corresponding
coomassie PAGE gel is shown to the right. 10 uM of HamAB are added in both experiments. ssDNA
co-elutes with HamB and MBP. Experiments are run in 500 mM KCI. N) Comparison of HamB-DNA with
other related helicases bound to their substrates. Middle, A. flugidus Hel308 (PDB: 2P6R). Right,
Ski2:RNA from a structure of the Ski2-exosome complex (PDB: 8QCF). The exosome complex was
hidden for clarity.
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Supplementary Figure 3-6. Drug-induced DNA damage activates Hachiman. A,B) Efficiency of
plaquing for E. coli MDS42 expressing wildtype HamAB or a negative control (dCas13d) against phages
T4 (A) and EdH4 (B). Data are shown as mean + std across three independent, biological replicates with
individual data points shown. C-G) Cell growth of E. coli MDS42 expressing a vector control (left),
wildtype HamAB (second from left), nuclease-deficient HamA*B (middle), helicase-deficient HamAB*
(second from right), and HamAP"'**B (HamA**B) (right) at 20 nM aTc in the presence of variable
concentrations of nalidixic acid (C), novobiocin (D), bleomycin (E), mitomycin C (F) and gentamycin (G).
Growth curves are colored according to condition. The minimum inhibitory concentration without the
confounding effects of gene expression determined by a vector control used in Fig. 3-6 is denoted with
a star. All growth curves performed in biological triplicate. The mean and standard deviation of each
condition are plotted.
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Supplementary Figure 3-7. Cryo-EM structure of a HamA(E138A, K140A)B-plasmid DNA complex.
A) Particle picking, classification, and refinement strategy to generate the final HamA(E138A,
K140A)B-plasmid DNA density. B-C) Final densities at low (B) and high (C) thresholds colored by local
resolution. An inner surface slice is shown to the right. D) Orientation distribution of the final particle set.
E) Gold-standard FSC curve. D) Conformation 2 sharpened map colored by local resolution. E)
Orientation distribution of the final conformation 1 particle set. F) Toxicity from different levels of
Hachiman induction (aTc). All growth curves performed in biological triplicate. The mean and standard
deviation of each condition are plotted. G) Comparison of ECOR31 HamB from this study with ECOR04
HamB, ECOR28 HamB, and Bacillus cereus HamB Colabfold predictions. H) Electrostatic surface
potential representations of the structures from F, in the same orientation and scale. The DNA entry
channel and RecA2 DNA loop/ positively charged patch are indicated. 1) HamA and Cap4 structural
superimpositions with AbpA.

Supplementary Table 3-1. Cryo-EM data collection, refinement, and validation statistics.

E. coli ECOR31 E. coli ECOR31 E. coli ECOR31 E. coli ECOR31
apo HamAB HamB-DNA HamB-DNA HamA(E138A,K140A)B-plasmid
(EMD-43613, (conformation 1) (conformation 2) DNA (EMD-43643, PDB 8VXY)
PDB 8VX9) (EMD-43615, PDB (EMD-43616, PDB
8VXA) 8VXC)
Data collection
and processing
Voltage (kV) 300 200 300
Electron
exposure
(e-/A-2) 50 50 50
Defocus range
(um) -0.8to -1.8 -0.8 to -1.8 -0.8to -1.8
Pixel size (A) 1.05 1.12 1.05
Symmetry
imposed Cc1 C1 C1
Initial particle
images (no.) 5,538,550 18,254,957 16,398,369
Final particle
images (no.) 309,630 239,111 249,313 29,904
Map Resolution
(A) 2.65 2.79 2.93 3.19
FSC threshold 0.143 0.143 0.143 0.143
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Chapter 4

Recurrent acquisition of nuclease-protease pairs in
antiviral immunity

This chapter is adapted from?*: Tuck, O.T.*, Hu, J.J.*, Lopez, S.C., Adler, B.A., O’Brien,
C.E., Hsieh, K., Meredith, C., Loi, K.J., Yoon, P.H., Doherty, E.E., et al. (2025). Recurrent
acquisition of nuclease-protease pairs in antiviral immunity. Science, eaea8769.
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J.J.H. performed protein purification and biochemical experiments with assistance
from C.E.O. and C.M. This work was supervised by J.A.D. The manuscript was written
by O.T.T.,, J.H.H., and J.A.D. All authors contributed to reviewing and editing this
manuscript.
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4.1 Abstract

Antiviral immune systems diversify by integrating new genes into existing pathways,
creating new mechanisms of viral resistance. We identified genes encoding a predicted
nuclease paired with a trypsin-like protease repeatedly acquired by multiple, otherwise
unrelated antiviral immune systems in bacteria. Cell-based and biochemical assays
revealed the nuclease is a proenzyme that cleaves DNA only after activation by its
partner protease. Two distinct immune systems, Hachiman and AVAST, use the same
mechanism of proteolytic activation despite their independent evolutionary origins.
Examination of nuclease-protease inheritance patterns identified caspase-nuclease
(canu) genomic loci that confer antiviral defense in a pathway reminiscent of eukaryotic
caspase activation. These results uncover the coordinated activities of pro-nucleases
and their activating proteases within different immune systems and show how
coevolution enables defense system innovation.

4.2 Introduction

Continual infection by viruses drives the evolution of widespread antiviral immune
systems in bacteria and archaea*'~**'*. Evolutionarily independent antiviral systems
including CRISPR-Cas’, CBASS®, Avs*, pAgo?® retrons®*, Lamassu' and
Hachiman'*#* employ a small, interchangeable pool of genes that are typically fused
to core immunity genes to provide new or alternative functionalities 284261226228 The
acquisition of such fusion proteins represents a common but underappreciated
mechanism of immune diversification through modular evolution?®4261226-228 However, it
remains unclear whether newly acquired genes confer similar antiviral activities in the
context of distinct antiviral systems, and whether gene acquisition might enable the
discovery of new defense pathways??*?%°,

We identified multiple independent examples of bacterial immune systems with
co-occurring genes encoding a trypsin-like protease and a predicted nuclease
belonging to the metallo-B-lactamase (MBL)-type hydrolase superfamily®®®2%2 In
bacterial antiphage systems, MBL hydrolases resemble nucleases from DNA uptake
pathways?**#**, While the predicted nuclease is always encoded by a separate, typically
upstream gene, the protease occurs as a fusion with different antiviral
defense-associated enzymes. First described in AVAST (antiviral ATPase/NTPase of the
STAND superfamily, Avs)*, the nuclease-protease gene pair also occurs in Lamassu'*,
Hachiman'® and DRT (defense-associated reverse transcriptase) antiviral systems®”°.
How encoded nuclease and protease enzymes contribute to defense in diverse antiviral
contexts is unknown.

Here we present evidence for a unified nuclease-protease mechanism common to
multiple antiviral systems with different infection-sensing mechanisms in bacteria.
Cell-based and biochemical assays show that the nuclease exists initially as an
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enzymatically inactive ‘gated’ proenzyme. Site-specific cleavage by the partner
protease liberates the nuclease active site. We show that the activated nuclease is
specific for DNA, and executes indiscriminate DNA cleavage to restrict viral replication.
This mechanism is similar in otherwise unrelated immune systems, suggesting that
coordination between the nuclease and protease is conserved in immune systems with
different modes of infection sensing. Phylogenetic analysis revealed that gated
nuclease homologs additionally exist in genomic loci alongside caspase-family
proteases. We found that these caspase-nuclease (canu) loci encode defense systems
in which the caspase activates the downstream nuclease, suggesting parallel
co-evolution of nucleases with multiple distinct partner proteases. Beyond revealing
how paired nuclease and protease enzymes function in multiple antiviral systems,
these results demonstrate that modular immune domains can guide the discovery and
functional annotation of immune pathways, including systems like canu that display
unexpected parallels with eukaryotic caspases.

4.3 Results

4.3.1 Repeated acquisition of paired genes in multiple antiphage systems

We noticed that some Hachiman, AVAST (antiviral ATPase/NTPase of the STAND
superfamily, Avs), Lamassu and DRT (defense-associated reverse transcriptase)
antiphage defense systems share a pair of co-occurring genes. In each case, a gene
encoding a predicted nuclease, belonging to the metallo-B-lactamase (MBL)-fold
hydrolase superfamily, sits immediately upstream of a gene encoding a trypsin-like
protease fused to the N-terminus of a defense-associated enzyme (i.e. HamA, Avs1a or
LmuA) (Fig. 4-1A). Across all four systems, the nuclease and protease co-occur and
share sequence and structural homology (Supplementary Fig. 4-1), suggesting they
are evolutionarily and functionally linked.

A B
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defense system

associated — Hachiman — Lamassu — AVAST 1
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Figure 4-1. Multiple defense systems acquired a predicted nuclease and fused protease. A) Loci
illustrating the genetic architecture of multiple defense systems encoding a predicted N-terminal MBL
hydrolase-like nuclease and a fused protease. (B) Phylogenetic tree of MBL hydrolase-like nucleases
accessory to known defense systems which are associated with fused trypsin-like protease domain. Tree
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leaves are colored according to inclusion of the nuclease in known defense systems based on
neighborhood analysis. The outer track indicates bacterial phyla for each nuclease representative.
Leaves shown in (A) are labelled. Branches with support values < 60 are deleted. A subtree is shown. For
the complete phylogeny, see Supplementary Fig. 4-2A,B.

To determine how antiphage systems acquired nuclease-protease enzyme pairs, we
performed sequence- and structure-based searches for homologs of the predicted
nuclease, followed by genomic context mining (Supplementary Fig. 4-2, see
Methods). Our analyses revealed a phylogenetic pattern consistent with frequent
exaptation and horizontal genetic exchange (Fig. 4-1B). With the exception of rare DRT
variants which emerged only once, all systems acquired the nuclease-protease pair on
multiple independent occasions. Reconciliation analyses and comparison between
nuclease and species trees supports transfer of these genes between defense systems
(Supplementary Fig. 4-3A, see methods). Moreover, nuclease and trypsin-like
protease gene trees are similar, consistent with coevolution of nuclease-protease pairs
(Supplementary Fig. 4-4A). Our analyses reveal transfer of paired nuclease and
protease genes within known defense systems (Fig. 4-1B), and identify additional
genomic loci with potential immune functions (Supplementary Fig. 4-2C).

4.3.2 Hachiman-regulated proteolytic cleavage unmasks the nuclease active site

Our analyses indicate that prokaryotic immune systems frequently acquire
nuclease-protease enzyme pairs from other, unrelated systems. To investigate how
such acquisition alters immune system function, we began by examining examples of
nuclease-protease gene integration into the Hachiman immune system. In ~5% of
Hachiman systems, the protease domain is fused to HamA, the nuclease responsible
for activation-dependent DNA degradation (Supplementary Figs. 4-5A, 4-6A).
Analysis of diverse HamA sequences revealed multiple independent examples of
protease-HamA fusions, consistent with the corresponding nuclease phylogeny (Fig.
4-1B; Supplementary Figs. 4-6B-G, 4-7A). Notably, other types of HamA fusions each
occurred just once during Hachiman evolution, but do not co-occur with nuclease
genes and are predicted to confer diverse biochemical functions (Supplementary Fig.
4-6 and Supplementary Fig. 4-7A-C)"*'%52%°  Furthermore, in virtually all of the
protease-HamA fusions, the canonical D-GEXK catalytic motif required for HamA
nuclease activity is absent (Supplementary Fig. 4-7D). This evolutionary pattern
implies that fusion Hachiman systems arose independently and lost HamA activity
through mutation of active site residues.

We cloned and expressed the Pseudomonas fluorescens nuclease-protease Hachiman
locus (PflIHamMAB) in E. coli and verified that it provides defense against phage EdH4
and related phages, reducing viral titer substantially (Fig. 4-2A,B; Supplementary Fig.
4-8). Single amino acid substitutions of predicted active site residues in the HamM
predicted nuclease, the protease domain of HamA and the HamB helicase each
abolished immunity, suggesting that nuclease, protease and helicase activities are all
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essential for antiphage activity (Fig. 4-2B; Supplementary Fig. 4-9). Despite toxicity
upon expression, nuclease-protease Hachiman prevented cell lysis at low multiplicity of
infection, while high viral doses led to cell culture collapse (Fig. 4-2C; Supplementary
Fig. 4-10). These findings suggest that PfIHamMAB, like canonical HamAB systems,
defends against phage by inducing programmed cell death or growth arrest.

To determine how nuclease-protease activities enable phage defense, we purified the
HamM protein and the HamAB protein complex separately and tested their interactions
in vitro (Supplementary Fig. 4-11). Incubation of HamM with HamAB resulted in the
appearance of three proteolytic fragments and the disappearance of a 42 kDa species
corresponding to full length HamM (Fig. 4-2D). Mass spectrometry analysis mapped
these fragments to specific regions of HamM, with two cleavage sites occurring
immediately C-terminal to isoleucine residues 1118 and 1218 (Fig. 4-2E). Proteolysis
was absent when we incubated HamAB with other proteins (Supplementary Fig.
4-12). These data support the conclusion that the trypsin protease domain of HamA
functions as an endopeptidase specific for certain isoleucine residues in HamM.
Functional assays further demonstrated that plasmid incubation with either HamM or
HamAB alone induced plasmid DNA nicking, whereas incubation with HamM and
HamAB together resulted in complete DNA degradation (Fig. 4-2F). HamM together
with HamAB also degrades short dsDNA, ssDNA, and isolated phage EdH4 DNA, but
does not cleave RNA (Supplementary Fig. 4-13). These findings support the
conclusion that proteolytic cleavage of HamM by protease-HamA converts HamM into
a potent deoxyribonuclease.
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Figure 4-2. HamMAB encodes a specific protease which activates a partner nuclease. A)
Pseudomonas fluorescens HamMAB operon (CP010945.1) annotated with predicted catalytic residues
and comparison to ECOR31 HamA active site. B) Quantification of phage EdH4 plaque assays against
PflIHamMAB and mutants. Individual data points of three independent biological replicates are shown
along with the mean. C) Growth curves of E. coli expressing PflHamMAB and empty control during EdH4
infection at specified multiplicity of infection (MOI). Data are shown as mean + standard deviation
(shaded area) across three independent biological replicates. D) In vitro reactions of HamM and HamAB
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visualized on a Coomassie PAGE gel. E) Mass spectrometry reads of fragment 1, fragment 2, and
fragment 3 mapped onto the HamM sequence. F) In vitro plasmid clearance assay of HamM and HamAB
with time course. G) Comparison of AlphaFold3 models of the Bacillus subtilis ComEC MBL
hydrolase-like nuclease domain (uniprot: P39695) with HamM, with active site colored black, protease
cut sites colored gray, and insertions colored lime green. H) Top: cartoon showing location of insertions
in the HamM primary sequence and proteolysis sites. Bottom: sequence logos of cut site position among
related nucleases, with the Pfl[HamM primary sequence as a reference. I) Quantification of phage EdH4
plaque assays against Pfl[HamMAB and protease cut site mutants. Individual data points of three
independent biological replicates are shown along with the mean. J) In vitro reactions of HamM and
HamAB with varying concentrations of ATP, the non-hydrolyzable analog AMP-PNP, and 3' overhang
dsDNA visualized on a Coomassie PAGE gel. K) Growth curves of E. coli expressing variant HamMAB
loci either lacking the HamA domain or lacking the HamA domain and fused to the c-Jun dimerization
peptide. Left, growth curves in the protease inactive Pfl[HamMAB background (S157A). Right, growth
curves in the wildtype Pfl[HamMAB background. A solid line represents no induction, while the dashed
line represents induction. Data are shown as mean + standard deviation (shaded area) across three
independent biological replicates. L) Model for HamMAB defense, where DNA sensing activates ATP
hydrolysis, which leads to oligomerization of protease-HamA and subsequent proteolytic activation of
HamM by removal of gating loops.

To understand how proteolysis activates HamM nuclease activity, we compared the
AlphaFold-predicted structure of HamM to a homologous MBL hydrolase-type
nuclease involved in natural competence®®2%*, Superposition suggested that HamM
includes two disordered insertions relative to the canonical nuclease, both of which
appear to block the nuclease active site (Fig. 4-2G; Supplementary Fig. 4-1). One
cleavage-site isoleucine is located on each insertion; both are highly conserved at their
respective positions (Fig. 4-2H). Hypothesizing that proteolysis removes the active site
blockade created by insertions, we made single and double amino acid substitutions of
cleavage site residues and tested phage defense. Mutation of either isoleucine residue
is sufficient to abolish defense (Fig. 4-2I; Supplementary Fig. 4-9B). Our results
suggest that HamM is a ‘gated’ pro-nuclease that acquired regulatory insertions
responsive to a partner protease. To further confirm that cleavage of insertion regions
activates the pro-nuclease, we engineered synthetic breaks into the HamM backbone
at identified sites of proteolysis. The resulting ‘pre-cut’ nuclease is constitutively toxic
to host cells, even when its partner protease is catalytically deactivated
(Supplementary Fig. 4-14).

4.3.3 DNA sensing and oligomerization trigger HamMAB defense

HamM is a pro-nuclease activated by a protease fused to HamA, but the mechanism of
protease-HamA regulation remains unclear. We reasoned that DNA damage or DNA
intermediates generated during phage replication triggers HamMAB immune activity,
akin to canonical Hachiman systems. To test this hypothesis, we treated cells
expressing HamMAB with subinhibitory concentrations of nalidixic acid, a
DNA-damaging antibiotic. We observed a mild growth defect suggestive of genome
integrity sensing, in line with prior work on Hachiman systems (Supplementary Fig.
4-15)'?*'%_ To gain molecular insight into immune regulation and activation, we tested

98


https://paperpile.com/c/RqqCfx/cL4EV+OtQLC
https://paperpile.com/c/RqqCfx/xIwd+xfORb

the effect of different ATP concentrations on HamM proteolysis. Consistent with
evidence from canonical and fusion Hachiman systems'**#’ we found that ATP
inhibits immune activation: upon exposure to DNA substrates, ATP hydrolysis led to
increased HamM activation (Fig. 4-2J; Supplementary Fig. 4-16). In support of the
role for ATP hydrolysis in Hachiman activation, treatment with a non-hydrolyzable ATP
analog (AMP-PNP) stalled HamM processing even when activating DNA was present
(Fig. 4-2J).

Given that HamAB activates upon DNA sensing and ATP hydrolysis, we sought to
determine the role of the dHamA domain in triggering HamM. HamA forms a complex
with HamB and therefore likely controls its fused protease'?*??>?%”, We removed the
dHamA domain and tested for growth defects in cells. Surprisingly, no toxicity was
observed, suggesting an alternative role for HamA during activation (Fig. 4-2K).
Because oligomerization was shown to activate fused effectors in related systems
44238239 \ve examined whether dHamA induces protease oligomerization by replacing it
with the leucine zipper dimerization domain from the human c-Jun protein?%2%°, This
protease-cdJun construct results in potent toxicity, while catalytically deactivated
protease-cJun-expressing cells are healthy (Fig. 4-2K). These data suggest the
protease alone is insufficient for nuclease activation, and that HamA-mediated
oligomerization is necessary for proteolysis. In summary, we propose that upon DNA
sensing, HamB hydrolyzes ATP and triggers protease-HamA, leading to HamA
oligomerization and proteolytic cleavage of HamM, unmasking the nuclease active site
and unleashing nuclease activity (Fig. 4-2L)'242252%7

4.3.4 Gated nuclease activation is conserved in AVAST

We wondered whether nuclease-protease enzyme partners retain functional properties
despite their presence in divergent defense systems. To test this possibility, we
investigated the nuclease-protease pair in an AVAST antiphage system from Erwinia
piriflorinigrans (EpiAvs, Fig. 4-1A), a phage-protein sensing antiphage system with
otherwise no homology to Hachiman***4. We confirmed potent defense against phage
P1 and specific activation in response to expression of viral terminase, consistent with
prior work (Fig. 4-3A,B; Supplementary Fig. 4-17). Structural prediction of the AVAST
nuclease homolog (EpiAvs1a) shows dual insertions that appear to block the conserved
active site, including two conserved isoleucine residues, analogous to structural
features of PflHamM (Fig. 4-3A). We constructed single and double amino acid
substitutions of conserved isoleucine residues and tested for AVAST-mediated defense
against phage P1 in E. coli*®. Each mutation alone reduced defense, while the double
mutation eliminated AVAST-mediated protection entirely (Fig. 4-3B; Supplementary
Fig. 4-18). To confirm that nuclease is cleaved by the Avs1b protease during infection,
we constructed N-terminally tagged versions of EpiAvsia and monitored cleavage by
Western blot. A cleavage product corresponding with proteolysis adjacent to isoleucine
134 appeared upon infection, but was absent in cut site mutants (Fig. 4-3C). These
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data suggest that cleavage of a single gating loop is sufficient to activate the
pro-nuclease, consistent with phage defense data (Fig. 4-3B, C).
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Figure 4-3. Nuclease-protease pairs function in AVAST. A) AlphaFold3 model of the AVAST Avsia
nuclease from E. piriflorinigrans (CFBP5888), with active site colored black, predicted protease cut sites
colored gray, and insertions colored lime green. Below, sequence logos of predicted cut site positions
among related nucleases, with the EpiAvs1a primary sequence as a reference. B) Quantification of phage
P1 plaque assays against EpiAvs and predicted protease cut site mutants. Individual data points of three
independent biological replications are shown along with the mean. A portion of the locus showing
locations of insertions in the EpiAvsia primary sequence and predicted cut sites is shown. C)
Immunoblot of cell lysates from cells expressing EpiAvs or EpiAvs with cut site mutants in the Avsia
nuclease (I1134K, 1234K) infected with phage P1 (MOI 3). Both constructs encode a 3xFLAG-tag fused to
the N-terminus of Avs1a. GroEL serves as a loading control. The full length protein (~45.8 kDa) and the
predicted cleavage product (18.9 kDa) are indicated. D) Quantification of phage P1 plaque assays
against EpiAvs and a chimeric EpiAvs system with an Avsla nuclease from Citrobacter sp. ESBL3
(NZ_JAZEVZ010000002.1). Individual data points of three independent biological replications are shown
along with the mean. E) Model for a conserved mechanism of pro-nuclease activation among AVAST,
Hachiman, and Lamassu defense systems. Upon infection sensing, defense system components
oligomerize, triggering the protease and subsequent proteolytic removal of gating loops in co-encoded
nucleases.

Avs1b activates a ‘gated’ effector nuclease via proteolysis, despite considerable
phylogenetic distance from PflHamMAB and a different infection sensing mechanism
(Fig. 4-1B). To demonstrate transferability of nuclease-protease systems implied by
phylogenetic analyses, we constructed a chimeric EpiAvs encoding a nuclease
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transplanted from a Citrobacter Avs system. This chimeric system displays equivalent
defense against phage (Fig. 4-3D). Conservation and transferability of the nuclease
activation mechanism implies that this gene pair behaves similarly in other antiphage
systems (Fig. 4-3E). Consistent with this prediction, oligomerization upon infection
sensing has been shown to activate fused effectors in Hachiman (Fig. 4-2K)?*,
AVAST* and Lamassu systems®®?*° (Fig. 4-3E). Furthermore, disordered loops
proximal to the active site are present in every antiphage trypsin-associated nuclease
identified in this study (Supplementary Fig. 4-19).

4.3.5 Identification of a caspase-nuclease defense system

Gated nucleases co-occur with fused trypsin proteases in multiple known defense
systems (Fig. 4-1A,B). Our phylogenetic analyses unexpectedly revealed an additional
radiation of nuclease homologs that co-occur with proteases belonging to other
diverse families (Fig. 4-4A; Supplementary Fig. 4-2). The largest clade in this group
includes a nuclease-encoding gene positioned downstream of a gene encoding a
protease most closely related to caspases, which are essential to human innate
immunity and apoptosis (18) (Fig. 4-4A,B). These loci are variable in organization,
encoding several genes of unknown function and multiple domains associated with
oligomerization and protein-protein interactions, including tetratricopeptide repeats
(TPR) and immunoglobulin-like (ig-like) folds (Fig. 4-4B)**'. Caspase-associated
nucleases appear in immune hotspots known as ‘defense islands’ and near
transposases, both signatures of immune function (Supplementary Fig. 4-2C)°°. We
wondered whether these caspase-nuclease (canu) loci encode a similar mechanism,
wherein the caspase activates its linked nuclease to provide antiphage defense.
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Figure 4-4. Canu is an antiphage defense system with a caspase-activated nuclease. A)
Phylogenetic tree showing major clades of nucleases associated with multiple protease families, as
annotated by the outer track (right). A subtree is shown. For the complete phylogeny, see
Supplementary Fig. 4-2. B) Representative caspase-nuclease or canu loci with domains annotated
(ig-like, immunoglobulin-like; TPR, tetratricopeptide repeat). The Klebsiella aerogenes CanABC operon
(bottom) is annotated with predicted catalytic residues. C) Structural homology (DALI Z-score: 20.7)
between the AlphaFold3 model of KaeCanA and the human paracaspase MALT1 (Mucosa-associated
lymphoid tissue lymphoma translocation protein 1, PDB: 3UOA), with active sites colored black. D)
AlphaFold3 model of KaeCanC, with active site colored black, predicted protease cut sites colored gray,
and insertions colored lime green. Below, sequence logos of predicted cut site positions among related
nucleases, with the KaeCanC primary sequence below. E) Quantification of phage T4 plaque assays
against KaeCanABC and mutants shown in (A). Individual data points of three independent biological
replicates are shown along with the mean. F) Growth curves of E. coli expressing KaeCanABC and an
empty vector control during T4 infection at the specified MOI. Data are shown as mean + standard
deviation (shaded area) across three independent biological replicates. G) Characterization of phage T4
mutants that escape KaeCanABC defense. Left, heatmap showing efficiency of plaquing (scale below) of
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wildtype phage T4 and five isolated escapee T4 mutants. Right, corresponding genotypes of phage T4
and escapers. Amino acid substitutions are shown on loci, and DNA-level detail is shown below. All
escape mutations map to the dda gene. H) SDS-PAGE gel of fractions from indicated peak in gel
filtration analysis of KaeCanAB coexpression. MBP-tagged CanA coelutes with CanB. 1) Titration of
CanAB with constant concentrations of KaeCanC (top: 100 nM, bottom: 10 nM) incubated with plasmid.
J) Proposed model of canu defense. The CanAB complex may either directly or indirectly sense phage
helicase. Upon activation, CanA cleaves the CanC pro-nuclease, leading to activation and DNA
degradation. K) Model for the exchange of the nuclease-protease pair (top) and a strategy to use
coevolution and transfer to discover new defense loci (bottom).

In the prototypical three-gene canu system from Klebsiella aerogenes (KaeCanABC),
the canA gene encodes a caspase domain structurally similar to the human MALT1
paracaspase, retaining the C-terminal Ig-like fold crucial for immune activation (Fig.
4-4B,C)**?2?*, The CanC nuclease active site is likely blocked by dual disordered
insertions based on structure prediction and comparison to related enzymes (Fig.
4-4D; Supplementary Fig. 4-18). Both gating insertions contain conserved glycine
residues (Fig. 4-4C), leading us to hypothesize that these positions are recognized by
the caspase to trigger nuclease activity.

To test Canu activity, we challenged E. coli heterologously expressing KaeCanABC. We
found that KaeCanABC provides strong protection against phage T4 (Fig. 4-4E;
Supplementary Fig. 4-20). Single amino acid substitutions of predicted active site
residues in the caspase or nuclease domains abolished defense, suggesting that both
catalytic activities are required. Mutation of either predicted proteolysis site in the
nuclease was also sufficient to ablate defense. The KaeCanABC system overcame
infection at low viral doses, but succumbed to phage when viral titer surpassed that of
the host (Fig. 4-4F). To identify potential viral triggers of Canu, we isolated mutant
phages that escape KaeCanABC defense (Fig. 4-4G; Supplementary Fig. 4-21).
Sequencing of escaper phages revealed diverse missense and frameshift mutations
mapping to the dda gene, which encodes a nonessential SF1 helicase involved in
phage DNA replication, recombination, and repair®*’. Together, these data imply that
KaeCanABC carries a conserved pro-nuclease which, upon infection sensing involving
phage helicase and proteolytic processing by its partner caspase, protects cells from
infection by programmed cell death or growth arrest. Whether KaeCanABC recognizes
phage helicase by direct recognition*, or indirectly via their activities remains to be
Seen124’163.

CanA is a caspase family protease and CanC is a putative pro-nuclease. To investigate
Canu activities and determine a role for CanB, we purified each protein individually.
Only CanC was obtained in isolation. Coexpression of the CanA and CanB produced a
soluble complex, suggesting CanB plays a potential role in modulating CanA protease
activity (Fig. 4-4H). Upon incubating CanC with increasing concentrations of CanAB,
we observed conversion of CanC into a potent nuclease (Fig. 4-41). Combined, these
data demonstrate the caspase CanAB complex plays a role in activating the CanC
nuclease for phage defense (Fig. 4-4J).
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4.4 Discussion

In this study, we discovered that multiple different prokaryotic antiviral pathways
employ related nuclease-protease enzyme pairs to diversify immune function.
Cell-based and biochemical data showed that protease-catalyzed cleavage of a
proenzyme form of the nuclease converts it to an active DNase. Once activated, the
nuclease destroys cellular DNA, likely killing or arresting infected cells to halt viral
replication. Unlike most cell death effectors that act individually**®°%% nuclease and
protease genes function in tandem and co-evolve. This enzymatic partnership provides
regulation that may safeguard against autoimmunity. For example, independent control
over nuclease expression enables fine-tuning of its effect on cells, while fusion of
partner proteases to core defense genes which require oligomerization to activate may
prevent nonspecific activation®'%2%#2% Qur results reveal that proteolytic activation,
long recognized as central to eukaryotic immunity***?*, also shapes prokaryotic
defense systems more extensively than previously appreciated®* 24,

The HamA effector convergently gained effector modules and lost canonical nuclease
activity. One possible explanation for repetitive HamA active site residue depletion is
that effector acquisition could lead to selection against HamA activity. Mutational drift
in response to autoimmunity has been observed elsewhere in bacterial and animal
immunity?®*®' and is one possible explanation for the emergence of fusion-dHamA
systems, but it remains unclear under which selective pressures module acquisition
occurs. The genetic mechanism of exchange is equally mysterious.

Why do some defense systems appear to interact and exchange modules more than
others? We propose that the arrangement of genes within systems is a contributing
factor. The Lamassu system was recently shown to respond to phage DNA by
liberating the upstream LmuA effector, which then multimerizes to trigger activity®®*?%°.
AVAST recognizes specific phage proteins and multimerizes, activating a variety of
N-terminal effectors**?*2, In Hachiman, the HamA effector is also thought to oligomerize
upon HamB activation '?*. In all three systems, infection sensing induces
multimerization of an effector encoded upstream. Furthermore, the different domains
fused to HamA, LmuA and Avs themselves multimerize as an obligate step in
activation, as evidenced by cJdun fusion experiments here and elsewhere. This is also
the case for Cap4®'%® and TIR domains®*?%, A shared logic of effector activation,
combined with a similar operon arrangement, may enable facile acquisition of new
effectors with minimal impact on system fitness (Fig. 4F).

Our phylogenetic analyses suggest that ancestral nucleases acquired autoinhibitory
insertions containing endopeptidase sites, creating a requirement for protease partners
to restore activity. The resulting protease-nuclease pairs were then transferred between
otherwise unrelated antiviral systems. Despite frequent mobilization, these enzyme
pairs retain the coupled mechanism of nuclease activation, reflecting their common
ancestry. Distinct genetic arrangements, including relative position and standalone
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versus fused configurations in trypsin and caspase systems, respectively, likely trace
back to this fundamental functional association. Based on these observations, it is
possible that other proteolytically activated enzyme classes participate in antiviral
immunity, providing similar regulatory safeguards. Hallmarks of functional coupling,
including protease coevolution and active site-blocking insertions, can guide the
discovery of additional enzymatic partnerships (Fig. 4-4K).

In this work, we demonstrate that new immune loci may be found be tracing modular
effector genes throughout prokaryotic genomes, presenting caspase-nuclease (canu)
antiphage loci. Canu systems which extend the diversity of known caspase-containing
immune functions in prokaryotes®'?*52%® |n humans, multiple caspase paralogs
orchestrate programmed cell death by either proteolytically activating other factors
(initiator caspases), or by directly targeting cellular proteins (inflammatory and
executioner caspases)**?*%?°  Prokaryotes encode other caspase homologs with
known functions in antiphage defense®®?*®, including Type Il CRISPR?¥2%
gasdermin/CARD?*'2%2 NLR* and Thoeris systems?®®, Canu systems differ by encoding
lg-like domains that also occur in human caspases®'?*?. The canu system from K.
aerogenes (KaeCanABC) provides potent phage defense and shows striking
conservation of the nuclease activation mechanism found in Hachiman and AVAST.
These results suggest that the Canu caspase functions as a specific endopeptidase,
analogous to eukaryotic initiator caspases®*. While canu diversity and functions await
further exploration, conservation of nuclease activation provides a basis for
determining the mechanism of canu defense.

4.5 Methods

4.5.1 Nuclease phylogenetic and coevolutionary analyses

Phylogenetic analyses of MBL hydrolase-like nucleases were initiated by generating a
seed alignment of HamM, Avs1a and LmuA genes using ClustalOmega®®. The resulting
alignment was manually trimmed and then used to generate a custom HMM with
hmmbuild®®, and subsequently hmmsearch was performed on the uniprot database
(2025_01). Unique HMM hits with an e-value less than 1 E-3 were selected, and
clustered with MMsegs2 easy-linclust using --min-seqg-id 0.9%'°. Multiple sequence
alignment using ClustalOmega was performed, followed by manual trimming. Finally,
IQ-TREE was performed with the following parameters: -bb 1000 -nm 1500 -safe, with
ModelFinder used to select VT+F+R10%°°?%", The phylogenetic tree was visualized with
iTOL?®®, with branches with bootstrap values below 60 deleted. A large clade containing
the ComEC hydrolase/nuclease domain was chosen as a root. A subtree of only
trypsin-like protease clades is shown in Fig. 4-1A, and a cartoon subtree of all
protease-associated domains is shown in Fig. 4-4A.
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Context analysis was performed by extracting 10 kbp up and downstream of
hmmsearch hits using the NCBI Entrez tool”®*. PADLOC was then used to annotate
defense systems within the gene neighborhood'?. If hit proteins were encoded within a
known defense system as determined by PADLOC, these were annotated as such in
phylogenetic trees using iTOL annotation tools®®. Leaves without defense system
annotations were manually inspected and labelled. Nuclease structures from Pfl[HamM,
EpiAvsia, BceLmuA-H, and UG9 DRT systems were predicted using the AlphaFold3
web server®®, Structures were aligned and visualized with matchmaker in ChimeraX?™®,

Nuclease-protease coevolutionary analysis was performed using a filtered set of
nuclease-proteases with genomic contexts of at least 20 kbp (n=191). Protein coding
genes found within the neighborhood were pooled, and clustered using MMseqs
easy-cluster on default parameters. To further group clusters, HHblits was used on
default parameters®’. Clusters were merged when both query-and-target coverage
were above 50, and probability was above 90. Most trypsin proteases (n=164) fell
under a single group. Remaining proteases that fell outside the cluster (n=36) were
retrieved by an hmmsearch using an alignment of the clustered proteases generated
using MAFFT- E-INS-I?"2, One nuclease containing locus did not have a clear trypsin
protease homolog, and was excluded from further analysis. Alignments of nucleases
and proteases were made using MAFFT-E-INS-I, and nuclease-protease pairs were
removed from further analysis if either genes appeared to be incomplete or inactive.
This resulted in a set of 181 nuclease-protease pairs used as input for nuclease and
protease trees. To generate a species tree, the latest taxonomic metadata and
phylogenetic tree (bac120.tree) were retrieved from the GTDB database. The
bac120.tree was further pruned to only display leaves associated with relevant
genomes containing nuclease-protease pairs (h=160; 21 pairs had no match on GTDB).

To qualitatively assess coevolution, the phylogenetic topology of the nuclease and
protease were compared to each other and to the species tree. First, the nuclease and
protease alignments were trimmed and passed to IQ-TREE to generate trees for each
of the respective genes using: -m MFP -bb 1000 -alrt 1000. Next, the resulting gene
trees and the pruned species tree were passed to the program CoPhylo in pairs for
comparison?’®, This was done for the following pairs: nuclease vs. protease, nuclease
vs. species, and protease vs. species. We then generated tanglegram visualizations in
iTOL. Further reconciliation analysis was conducted for the gene trees versus the
species tree. The nuclease and protease alignments were concatenated into a single
alignment file. This concatenated alignment file and the species tree were passed to
the program GeneRax to compute reconciliation likelihood, phylogenetic likelihood, and
joint likelihood. The following parameters were selected: -r UndatedDTL and
—-geneSearchStrategy SPR and LG+G substitution model?™.
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4.5.2 Hachiman HamA phylogenetic analysis

For analysis of Hachiman diversity, unique proteins from InterPro protein family
IPR014976 and annotated as Hachiman antiphage defense system protein HamA in
Refseq and Genbank were pooled and chosen for phylogenetic analysis. MMseqs2
easy-linclust was run on pooled sequences with --min-seqg-id 0.5522°. Then, an HMM
was built based on the clustered sequences with hmmbuild, and subsequently
hmmsearch was performed on the genbank nr nucleotide database (v274)*®. Unique
HMM hits with an e-value less than 1E-5 were selected, and clustered with MMseqgs2
easy-linclust using --min-seqg-id 0.9. Multiple sequence alignment using muscle5.1
-super5 was performed on the clustered sequences, with an additional 10 homologs of
the P. aquatile type IS restriction endonuclease domain chosen as the outgroup'?27°,
Truncated Hachiman variants (HamAs that are <150 amino acids) were manually
removed and HamA-HamB fusions (likely due to stop codon misannotation) were
removed from the sequence alignment, then re-aligned with muscle5.1 -super5. Poorly
aligned regions were trimmed by trimAl with -gt 0.26°°. Finally, IQ-TREE was
performed with --bb 1000 -m LG+F+G4 (50). The phylogenetic tree was visualized with
iTOL?®, with branches with bootstrap values below 60 deleted and branches annotated
for taxonomy and the presence or absence of a fused domain (which were trimmed
from the alignment to observe only HamA domain dynamics).

HamA were plotted by length, then uncommonly long HamAs were extracted and
aligned. Representatives of each long HamA sequence were folded using Colabfold?®,
then fused domains were manually extracted in ChimeraX?°. Each of the five extracted
N-terminal domains were used to search for structural homologs via the Dali search
server?’’. Superimpositions were generated using the matchmaker function in
ChimeraX?"®. Sequence logos and locus visualizations were generated using Geneious
Prime. Phylogenetic analyses of occurrences of HB and YTH domains outside of
Hachiman systems were executed in the same manner as HamM phylogenetic analysis
described above.

4.5.3 Bacterial strains and phages

For bacterial cultivation, E. coli strains maintained as 25% (v/v) glycerol stocks and
stored at -80°C were generally grown in LB Lennox media at 37°C and 250 rpm
aeration. Media was supplemented with carbenicillin (Sigma, 100 pg/mL) or
chloramphenicol (Sigma, 20 ug/mL) where applicable. E. coli Top10 (invitrogen) was
used as a cloning strain. For phage experiments using the Pl[HamMAB system, E. coli
MDS42 was used. For EpiAvs and KaeCanABC phage experiments, we used E. coli
K-12 MG1655. To purify proteins, E. coli BL21-Al (Invitrogen) was used.

Phage P1 was obtained from the American Type Culture Collection (ATCC 25404-B1).
Phages from the BASEL collection were kindly provided by Dr. Alex Harms?’®. All
phages were verified through either whole-genome sequencing or targeted genotyping
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to check for stock cross-contamination. Wildtype phages were propagated at 37°C in
LB Lennox media using an initial MOI of approximately 0.1 and host E. coli BW25113.
After culture collapse, a drop of chloroform was added and cultures were centrifuged
at 4000 g for 15 min. The supernatant was passed through a 0.2 ym filter and stored at
4°C. All phage titers were determined on assay hosts with an empty vector control in
the p15a backbone using plaque assays (described below).

4.5.4 Plasmid construction

All plasmids used here were constructed using Gibson Cloning, Golden Gate Assembly
or mutagenic PCR/ ligation, using PCR products purified by gel extraction (Zymo
D4001). Pseudomonas fluorescens, Klebsiella aerogenes, and Citrobacter sp. ESBL3
loci were synthesized by Twist. For phage assays, all defense loci except AVAST were
cloned under control of the pTet promoter in a P15A backbone encoding for
chloramphenicol resistance. In addition to the pTet promoter, the KaeCanABC is also
under the control of its native promoter, and experiments with this system were
performed with no additional induction of protein expression. The AVAST system,
cloned from the source plasmid®, is under control of the bla promoter in a p15a
backbone, which encodes chloramphenicol resistance. For phage terminase
coexpression, the pJEX vector conferring kanamycin resistance was used for inducible
control of genes upon addition of crystal violet. For protein purification purposes, loci
were cloned under a T7 lactose-controlled promoter in a high copy vector encoding
carbenicillin resistance. To assess the toxicity of HamM activated by dual-loop
proteolysis (henceforth ‘pre-cut HamM’), we pre-programmed cuts in HamM by
inserting stop codons immediately after the putative cut-site loop isoleucine residues.
Concurrently, we added strong ribosome binding sites (BBa_B0034) and a start codon
before resumption of the coding sequence®”. The resulting tripeptide is predicted by
AlphaFold3 to retain the nuclease tertiary structure. For transplantation experiments, a
nuclease from a Citrobacter sp. ESBL3 (WP_332628315.1) was incorporated into the
EpiAvs locus by Gibson Assembly.

4.5.5 Plaque assays

Plaque assays were performed as previously described, using the double agar overlay
method'®*. In brief, 100 pL (AVAST, KaeCanABC) or 200 pL (Pfl[HamMAB) of saturated
overnight cultures carrying either an empty vector or the defense system of interest
were added to molten LB Lennox agar (0.7% w/v agar, 60°C — henceforth, “top agar”),
then the mixture was supplemented with antibiotics. For plaque assays assaying the
antiviral activity of Pfl[HamMAB against the diverse panel of phages, top agar was
supplemented with anhydrotetracycline (aTc, Sigma) at a final concentration of 0.5 nM
to induce expression of HamMAB. For plaque assays assaying the antiviral activity of
PflHamMAB mutants against EdH4, top agar was supplemented with
anhydrotetracycline (aTc, Sigma) at a final concentration of 1 nM to induce expression
of HamMAB. For plaque assays assaying the antiviral activity of the AVAST and
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KaeCanABC systems, no additional inducers were added to the top agar. This mixture
was poured over 1.5% w/v LB Lennox agar plates (presupplemented with antibiotic)
and was allowed to cool and solidify. Phages were diluted tenfold in SM buffer
(Teknova), then 2 or 2.5 pL of eight dilutions were spotted onto the top agar layer. For
phage P1, a stock approximately tenfold higher in titer than that used for Fig. 4-3B is
shown in Fig. 4-3D. After drying under sterile conditions, plates were incubated at
30°C for 12-16 hours. Plates were then scanned and plaque forming units (PFU) were
enumerated. Plaque assays were performed in biological triplicate, and data were
analyzed using Graphpad Prism and Python.

4.5.6 Liquid infection assays

To assay bacterial growth in the presence or absence of phage, OD600 was monitored
in a 96-well plate format in a plate reader (Biotek Cytation 5). To initiate growth,
saturated overnight cultures carrying either an empty vector or the defense system of
interest were seeded in a microplate (Corning 3903) at a CFU of ~8e6 CFU per well in
200 pL of LB media supplemented with antibiotic and, when assaying the antiviral
activity of PflIHamMAB, with aTc at a final concentration of 0.5 nM or 0.125 nM. Phage
were added to achieve the indicated MOI after separate dilution in SM buffer. Growth
was monitored by measurement of OD600 every 5 minutes while shaking at 800 RPM
(double orbital) at 30°C for the indicated time span. Liquid growth assays were
performed in biological triplicate, and data were analyzed using Python.

4.5.7 Protein expression and purification

For complex purification vectors in the native locus format, only HamA and CanA were
tagged with 10xHis-MBP-TEV. After transformation into BL21-Al E. coli, single colonies
were inoculated in TB media and were grown to an optical density of ~0.6 then induced
overnight at 16°C with 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG) and 0.1%
L-arabinose. Cells were harvested and resuspended in lysis buffer (20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.7, 500 mM NaCl, 20
mM imidazole, 0.1% Triton X-100, 1 mM Tris (2-carboxyethyl)phosphine (TCEP),
Complete EDTA (ethylenediaminetetraacetic acid)-free protease inhibitor (Roche), 0.5
mM phenylmethylsulfonyl fluoride (PMSF) and 10% glycerol). Cells were lysed by
sonication, then clarified by centrifugation. The clarified lysate was incubated with
Ni-NTA (Qiagen) resin for 1 hr. The resin was washed with wash buffer 20 mM HEPES,
pH 8, KCI mM NaCl, 20 mM imidazole, 1 mM TCEP, and 5% glycerol), then bound
protein was eluted with wash buffer supplemented with 300 mM imidazole. Eluate was
then run over an MBPTrap column (GE Healthcare), washed with MBP/SEC wash buffer
(20 mM HEPES, pH 8, 150 mM KCI, 1 mM TCEP, and 5% glycerol), and eluted with
MBP/SEC buffer supplemented with 10 mM maltose. Eluted protein from the MBPTrap
column was treated with TEV protease overnight. Then, TEV protease-treated samples
were run through Ni-NTA resin, and flow-through was collected. Flow-through was
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concentrated and run on a Superdex 200 10/300 GL column (Cytiva). Aliquots were
concentrated and snap-frozen in liquid nitrogen for later use.

4.5.8 Protease-HamAB proteolytic cleavage assays

Protease cleavage assays of HamM by protease-HamAB were performed in isothermal
amplification buffer (20 mM Tris-HCI, pH 8.8, 10 mM (NH),SO,, 50 mM KCI, 2 mM
MgSO,, 0.1% Tween 20). 1.4 uM of protease-HamAB was incubated with 1 pM of
HamM for 90 minutes at 37°C. Controls were performed with protease-HamAB only
and HamM only as well. Reactions were terminated with addition of 4x Laemmli buffer.
Samples were boiled for 3 minutes at 95°C, loaded on a 4-20% SDS PAGE gel, stained
by Coomassie InstantBlue, and imaged on a ChemiDoc MP (BioRad). To assay effects
of ATP and activating DNA on proteolytic cleavage of HamM, the assay above was
modified as follows. 0.5 uM of protease-HamAB was mixed with ATP at the indicated
concentration or 5 mM AMP-PNP (Sigma, Adenylyl-imidodiphosphate). Activating
dsDNA with 3" overhang was added to a final concentration of 2 uM where indicated.
Reactions were allowed to incubate for 10 minutes at 30°C before introduction of
HamM. After addition of HamM, the reaction was allowed to proceed for 30 min, after
which it was quenched and analyzed as described above.

Protease cleavage assays of SSB (Fisher Scientific), RecBCD (New England Biolabs),
and Topoisomerase | (New England Biolabs) by protease-HamAB were performed in
isothermal amplification buffer. All reactions were performed with a final concentration
of 0.25 pg/uL SSB, 0.5 U/uL RecBCD, and 0.25 units/pL Topoisomerase |. For the
indicated reactions (Supplementary Fig. 4-8), SSB, RecBCD, and Topoisomerase |
were boiled at 95°C for 3 minutes before addition of protease-HamAB. Reactions were
started by the addition of protease-HamAB to a final concentration of 0.5 yM and
incubated at 30°C for 30 minutes. Controls with SSB, RecBCD, and Topoisomerase |
only were conducted as well. Reactions were stopped by addition of 4x Laemmli
buffer. Samples were boiled for 3 minutes at 95°C, loaded on a 4-20% SDS PAGE gel,
stained by Coomassie InstantBlue, and imaged on a ChemiDoc MP (BioRad).

4.5.9 In-gel mass spectrometry

Experiments for mass spectrometry were performed in MBP/SEC buffer supplemented
with 1 mM MgCl,. 9.6 uM of protease-HamAB was incubated with 19.3 uM of HamM
for 60 minutes at 30°C. Reactions were terminated with addition of 4x Laemmli buffer.
Samples were heated for 3 minutes, loaded on a 4-20% SDS PAGE gel, and visualized
by Coomassie InstantBlue. Protein bands corresponding to proteolytic products of
HamM were excised with a razor into 1 mm? cubes. Gel pieces were washed twice with
50% (v/v) acetonitrile and 50 mM ammonium bicarbonate (pH 8) for 15 minutes with
shaking. Gel pieces were then dehydrated with 100% acetonitrile for 5 minutes with
shaking. Then the solvent was removed, and gel pieces were allowed to air dry for 20
min. To the dry gel pieces, 10 mM TCEP and 40 mM chloroacetic acid were added and
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incubated at 70°C for 5 min. The gel pieces were washed again with 50% acetonitrile
and 50% 50 mM ammonium bicarbonate for 15 min with shaking. The gel pieces were
then rehydrated in 50 mM ammonium bicarbonate and 1 pg chymotrypsin/ GluC (1:50)
was added and incubated for 1 hour at room temperature, then 50 mM HEPES pH 8
solution was added to cover the pieces. The samples were allowed to incubate
overnight at 37°C. Peptides were extracted from gel pieces with 25% acetonitrile and
50 mM ammonium bicarbonate pH 8, then again with 100% acetonitrile for 5 min with
shaking. Samples were filtered through a 0.22 pym PVDFspin column (Millipore)
Peptides were dried in a speedvac apparatus to 30-60 pL total volume, then samples
were acidified with 2 yL formic acid (neat).

In-gel chymotrypsin/GIluC digested peptides were analyzed by online capillary nano
LC-MS/MS using a 25 cm reverse phase column and a 10 cm precolumn fabricated
in-house (75 pm inner diameter, packed with ReproSil-Gold C18-1.9 pm resin (Dr.
Maisch GmbH)) that was equipped with a laser-pulled nanoelectrospray emitter tip. The
precolumn used 3.0 pm packing (Dr. Maisch GmbH)). Peptides were eluted at a flow
rate of 300 nL/min using a linear gradient of 2-40% buffer B in 140 min (buffer A:
0.05% formic acid and 5% acetonitrile in water; buffer B: 0.05% formic acid and 95%
acetonitrile in water) in an Thermo Fisher Easy-nLC1200 nanolLC system. Peptides
were ionized using a FLEX ion source (Thermo Fisher) using electrospray ionization into
a Fusion Lumos Tribrid Orbitrap Mass Spectrometer (Thermo Fisher Scientific).
Instrument method parameters were as follows: MS1 resolution, 120,000 at 200 m/z;
scan range, 350-1600 m/z, orbitrap mode acquisition. The top 20 most-abundant ions
were subjected to collision-induced dissociation with a normalized collision energy of
35%, activation q 0.25, and precursor isolation width 2 m/z. Dynamic exclusion was
enabled with a repeat count of 1, a repeat duration of 30 seconds, and an exclusion
duration of 20 seconds. RAW files were analyzed using PEAKS (Bioinformatics Solution
Inc) with the following parameters: semi-specific cleavage specificity at the C-terminal
site of R and K, allowing for 5 missed cleavages, precursor mass tolerance of 15 ppm,
and fragment ion mass tolerance of 0.5 Daltons. Methionine oxidation was set as
variable modifications and cysteine carbamidomethylation was set as a fixed
modification. Peptide hits were filtered using a 5% FDR. Proteins with at least 2 unique
peptides were filtered with a 5% FDR. Label free quantitation (LFQ) was performed
using the PEAKS quantitation module and default parameters with the following
exceptions: Top 2 peptides for each protein with a min of 10xE4 abundance was used
and the TIC was used for all normalization including technical replicates. Peptide mass
spectrometry data were visualized using PrintMap-R*°.

4.5.10 Plasmid and phage gDNA clearance assays

Plasmid and phage DNA interference assays were conducted in isothermal
amplification buffer. The plasmid substrate is a generic pUC19 vector, and the phage
DNA substrate is EdH4 genomic DNA isolated as described above. DNA was diluted to
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4 ng/pl. Reactions were started with addition of Protease-HamAB at 5 nM and HamM
at 10 nM, and incubated at 30°C for 1 min, 5 min, or 30 min. Reactions were quenched
with addition of proteinaseK (New England Biolabs) and 10x Bluejuice. Reactions were
imaged on 1% TAE agarose gels. Gels were stained with SYBR Safe and imaged on a
ChemiDoc MP (BioRad).

For KaeCanABC plasmid cleavage experiments, CanC was diluted to the indicated
concentrations in isothermal amplification buffer with plasmid DNA diluted to 4 ng/pl.
CanAB was added at the indicated concentrations, and reactions were allowed to
proceed at 37°C for 30 min before quenching by addition of proteinaseK (New England
Biolabs) and 10x Bluejuice. Reactions were imaged on 1% TAE agarose gels. Gels
were stained with SYBR Safe and imaged on a ChemiDoc MP (BioRad).

4.5.11 Protease-HamAB nuclease short nucleic acid activity assay

Short nucleic acid (ds/ssDNA, ds/ssRNA) cleavage assays were performed in
isothermal amplification buffer or MBP/SEC buffer supplemented with 1 mM ZnCl,. 0.5
UM of protease-HamAB and 0.5 pM of HamM were incubated with 0.5 pM nucleic acid
for 30 minutes at 30°C. Reactions were stopped by addition of ProteinaseK (New
England Biolabs) and 10x Bluejuice. Reactions were run on a 2% agarose gel stained
with SYBR Gold (Thermo Fisher) and imaged on a ChemiDoc MP (BioRad).

4.5.12 Malachite green ATPase assays

Orthophosphate liberation was determined with a Malachite Green Phosphate Assay kit
(BioAssay Systems) according to the manufacturer protocol. All reactions were
conducted in isothermal amplification buffer. Substrates tested included two different
ssDNAs (ssDNA 1 and ssDNA 2), blunt-ended dsDNA, dsDNA with 3' overhang, dsDNA
with 5’ overhang, and plasmid DNA. DNA substrates were diluted to 100 nM, or 4 ng/uL
for plasmid reactions, in a total reaction volume of 40 pL in clear bottom, flat, black
96-well assay plates (Corning Costar). Reactions were started with addition of
PflHamAB to 40 nM and ATP to 1 mM, followed by incubation at 30°C for 30 minutes.
Additional controls with buffer only, ATP only, HamAB only, and no DNA substrates
were performed. Reactions were quenched with the addition of activated malachite
green reagent. The absorbance values of wells were measured after 20 min of color
development at ambient temperature with a Biotek plate reader at 620 nm.
Orthophosphate liberation was interpolated against a standard curve with known
concentrations of free phosphate.

4.5.13 Nuclease and caspase structural analyses

Nuclease structures from Pfl[HamM, pre-cut Pf[HamM, EpiAvsia and KaeCanC were
predicted using the AlphaFold3 web server®®*. Predicted structures were compared to
the AlphaFold Database (AFDB) using Foldseek®'. A confident hit, (uniprot: P39695)
protein 3 from the B. subtilis ComE operon, was aligned and visualized with
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matchmaker in ChimeraX®”°. Sequence logos of insertion regions containing the
putative protease cleavage sites as determined by mass spectrometry (see above)
were generated by performing BLAST searches, then aligning 100 hit sequences with
ClustalOmega®® and visualizing regions of interest with the built-in sequence logo
function of Geneious Prime. To generate a structural comparison of KaeCanuA, Dali
was used to search the protein data bank for remote homology to experimentally
determine structures, then superpositions were regenerated and visualized in ChimeraX
using matchmaker.

4.5.14 Liquid toxicity assays

Liquid culture toxicity assays were performed in 96-well plate format in a plate reader
(Biotek Cytation 5), and toxicity was assessed by monitoring OD600 over time.
Saturated overnight cultures of the indicated strains were seeded into a microplate
(Corning 3903) at a CFU of ~8e6 CFU per well in 200 yL of LB media supplemented
with antibiotics and the indicated concentration of inducer. For drug activation
experiments, nalidixic acid (Sigma) or gentamicin (Sigma) were also added at the
indicated sub-inhibitory concentrations as determined previously'®’. Growth was
monitored by measurement of OD600 every 5 minutes while shaking at 800 rpm
(double orbital) at 30°C for the indicated time span. Liquid growth assays were
performed in biological triplicate, and data were analyzed using Python.

4.5.15 Western blot analyses

To assess nuclease cleavage in cells, overnight cultures of either EpiAvs or the cut site
mutant, each with an N-terminal 3xFLAG tag, were diluted 100-fold, then incubated at
30°C with shaking at 250 rpm until cultures reached an optical density of 0.5. Phage
was then added at an MOI of 3. 300 pL aliquots were taken at the indicated time points
and were lysed with the addition of 1x Laemmli buffer with 50 mM TCEP. Samples were
boiled for 3 minutes at 95°C and were then loaded on a 4-20% SDS PAGE gel.
Separated proteins were transferred to a PVDF membrane (Bio-Rad, #1620177) for 1
hour at 100 V in Towbin buffer (25 mM Tris base, 192 mM glycine, 20% methanol).
Membranes were blocked (5% (w/v) non-fat milk in 1x Dulbecco’s Phosphate Buffered
Saline with Tween-20 (DPBST)) for 1 hour at room temperature. After three washes in
DPBST, membranes were incubated in primary antibody (1:1000 Mouse Anti-FLAG
primary antibodies (Sigma, Catalog #F1804), 1:80,000 Rabbit Anti-GroEL primary
antibody (Sigma, Catalog #G6532)) overnight at 4°C. After three washes in DPBST,
membranes were then incubated in 1:20,000 secondary antibodies (Goat Anti-Mouse
fluorescent secondary antibody 680RD (Licor, Catalog #926-68070), Goat Anti-Rabbit
fluorescent secondary antibody 800CW (Licor, Catalog #926-32211) for 60 min at room
temperature. After three washes with TBST, results were imaged on a LiCor at 700 nm
and 800 nm emission wavelengths.
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4.5.16 Isolation, scaling validation and sequencing of mutant phages that overcome
defense

To isolate mutant phages that escaped KaeCanABC-mediated defense, plaque assays
were performed as described above. After overnight incubation at 30°C, single plaques
from the highest phage dilution where plaques were visible were picked and
resuspended in 50 pL of SM buffer. To confirm the ability of these “escaper” phages to
avoid targeting by the KaeCanABC system, putative escaper phages and the ancestor
phage (i.e., a plaque formed by T4 on a lawn of cells encoding the empty vector) were
further diluted in tenfold serial dilutions in SM buffer, and re-plaqued on lawns of E. coli
encoding either an empty vector or the KaeCanABC defense operon. After overnight
incubation at 30°C, plaque forming units (PFUs) were counted and used to estimate the
fold-defense (ratio of PFUs on empty vector to PFUs on KaeCanABC) for each phage.

Escaper phages that plaqued similarly on cells expressing KaeCanABC and cells
carrying the empty vector were further propagated to obtain high titre phage stocks for
sequencing as described above. Phage genomic DNA was extracted from 200 pL of
concentrated phage lysate using the Norgen Biotek Phage DNA Isolation Kit (# 46800),
following the manufacturer’s instructions with the following minor modifications. Briefly,
bacterial DNA was removed from the phage lysate by incubating it with 20 pL of RQ1
DNAse | (PROMEGA M610A, 1 U/uL) at room temperature for 15 minutes, followed by
a 5-minute incubation at 75°C to inactivate the enzyme. Then, the phages were lysed
by treatment with 500 pL of Norgen Lysis Buffer supplemented with 10 pL of
Proteinase K (New England Biolabs P8107S, 800 U/mL), and subsequent incubation at
55°C for at least 30 minutes, followed by inactivation of the enzyme by incubation at
65°C for 15 minutes. After addition of 320 pL of isopropanol, the lysate was bound to
the Norgen column and gDNA purification followed as recommended by the
manufacturer. gDNA was double-eluted from the column in a total of 300 pL of ddH,O.

gDNA short read sequencing was performed by SeqCoast Genomics (short reads; 200
Mbp/1.3 million reads per sample). The ancestor phage reference genome was
assembled by aligning reads to the phage T4 reference genome (GenBank:
AF158101.6) to obtain a consensus sequence. Escaper phage genomes were
assembled using this ancestor phage reference genome, and then re-mapped to it,
allowing for the identification of mutations unique to escaper phages.
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4.6 Supplementary Information
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Supplementary Figure 4-1. Structural comparison of nuclease-protease pairs in known defense
systems. A) Loci illustrating the genetic architecture of multiple defense systems encoding an N-terminal
MBL hydrolase-like nuclease and partnering trypsin-like protease, as in Fig. 4-1A. Annotations for gene
context and gene names are shown. B-E) AlphaFold3 predicted protein structures for nuclease and
protease-fusion genes in Hachiman, AVAST, Lamassu, and DRT (UG9) systems. In each case, protein
structures were predicted using loci from (A). Predicted structural snapshots are aligned to show
homology.
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Supplementary Figure 4-2. Modular evolution of defense-associated MBL hydrolase-like
nucleases. A) Phylogenetic tree of diverse MBL hydrolase-like nuclease sequences in bacteria. The
phylogenetic tree is rooted at a large clade containing MBL hydrolase-like nucleases without known
protease associations which encode ComE nuclease domains. Tree leaves are colored according to
inclusion of the predicted nuclease in known defense systems as determined by PADLOC search of a 20
kbp genomic context. The outer track indicates association with nearby protease families. Three major
operonic protease families - subtilase-, caspase-/CHAT- and trypsin-family proteases were detected.
Branches with support values < 60 are deleted, resulting in polytomy. Select bootstrap support values
are shown. The clade containing trypsin-associated nucleases is shown as a subtree in Fig. 4-1B. A
subtree of protease-associated nucleases is shown with clades collapsed in Fig. 4-4A. B) Unrooted form
of phylogenetic tree from (A). Colored ranges indicate associated proteases as in (A). C) Genomic loci of
nucleases from the phylogeny in (A). Select loci from each major protease-associated clade are labelled
in A. Core defense genes, proteases, other detected defense systems in the gene neighborhood and
genes associated with mobile genetic element mobility are annotated as in (A) and according to the key
below.
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Supplementary Figure 4-3. Comparison between species and nuclease trees and reconciliation
analysis. A) Tanglegram comparing a species tree extracted from the Genome Taxonomy Database
(GTDB) and select homologs of MBL hydrolase-type nucleases encoded by these species (see
Methods). Taxonomic order is indicated by the species tree outer track. Lines connecting leaves show
which species encode the corresponding nuclease and serve as a visualization for topological
incongruence. Formal reconciliation analyses (GeneRax, UndatedDTL, see Methods) suggest that
horizontal transfer and gene loss, but not duplication, primarily account for the evolutionary history of
these genes (duplication = 1e-07, loss = 0.266004, transfer = 0.413985).
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Supplementary Figure 4-4. Comparison of nuclease and trypsin-like protease phylogenies. A)
Tanglegram comparing phylogeny of select homologs of MBL hydrolase-type nucleases and a
phylogeny of the corresponding trypsin-like protease (see Methods). Taxonomic order is indicated by the
nuclease tree outer track. Lines are colored according to nuclease taxonomy and connect to co-encoded
proteases.
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Supplementary Figure 4-5. Nuclease-protease Hachiman systems are highly diverse. Genomic loci
encoding nuclease-protease Hachiman systems from different clades of the nuclease phylogeny in
Supplementary Fig. 4-2A. Percent identity between different genes are shown between loci. P.
fluorescens and Y. enterocolitica sequences originate from the same clade.
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Supplementary Figure 4-6. Hachiman HamA acquired multiple additional domains. A) Model for
Hachiman antiphage defense. B) Loci illustrating the genetic architecture of canonical and fusion variant
Hachiman systems. The five fusion-HamA systems identified are: Toll/interleukin-1 receptor (TIR)
domain-HamA, trypsin protease-HamA with upstream metallo-f-lactamase fold hydrolase-like nuclease
(HamM), YT521-B homology (YTH) domain-HamA, helical bundle (HB) domain-HamA, and CBASS

121



activated protein 4 (Cap4) domain-HamA or AbpA. C-G) AlphaFold structural predictions of
domain-HamA fusions shown in (B). Inset boxes show structural superpositions with DALI-predicted
homologous experimental structures, which are shown in white and are indicated below in each case.
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Supplementary Figure 4-7. HamA domain phylogeny and loss of nuclease activity. A) Phylogenetic
tree of 4,094 HamA domain sequences. The tree is rooted at a clade containing 10 homologs of the P.
aquatile type IIS restriction endonuclease domain. The inner track indicates presence of a fusion domain,
but these were excluded from phylogenetic analysis to ascertain the phylogeny exclusively of the HamA
domain. The outer track indicates associated phyla. Branches with support values < 60 are deleted,
resulting in polytomy. B) Cartoon of the fusion containing clade in (A), with clades collapsed and
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color-coded to indicate fusion content. C) Fraction of HamA sequences encoding fusions. D) Sequence
logos of the nuclease active site for canonical versus domain fusion HamA variants are shown above a
density plot showing the distribution of HamA protein lengths across HamA diversity. HamA variants
were manually curated from all HamA domain sequences from panel (A) and aligned.
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Supplementary Figure 4-8. Pseudomonas fluorescens HamMAB is antiphage. A) Heatmap of the
efficiency of plating of diverse phages on E. coli expressing P. fluorescens HamMAB. B) Images of
triplicate plaque assays where E. coli expressing PflHamMAB was challenged with diverse
bacteriophages indicated. Experiments are summarized in (A).
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Supplementary Figure 4-9. Plaque assays of P. fluorescens HamMAB mutants. A) Images of
triplicate plaque assays where E. coli expressing Pfl[HamMAB and catalytic mutants were challenged
with tenfold dilutions of phage EdH4. B) Images of triplicate plaque assays where E. coli expressing
PflIHamMAB and cut site mutants of HamM were challenged with tenfold dilutions of phage EdH4.
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Supplementary Figure 4-10. Complete liquid infection data for Pfl[HamMAB. A) Growth curves of E.
coli empty vector control during EdH4 infection at the specified multiplicity of infection (MOI) and level of
induction. B) Growth curves of E. coli expressing PflHamMAB during EdH4 infection at the specified
multiplicity of infection (MOI) and level of induction. In all cases, data are shown as mean =+ standard
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deviation (shaded area) across three independent biological replicates.
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Supplementary Figure 4-11. Purification of HamM and HamAB. A) Size exclusion chromatography
trace of HamM after TEV protease treatment and removal of MBP by reverse immobilized metal affinity
purification (IMAC). Corresponding peaks of elution fractions are run on a Coomassie PAGE gel. B) Size
exclusion chromatography trace of HamM after TEV protease treatment and removal of MBP by reverse
IMAC. Corresponding peaks of elution fractions were run on a Coomassie PAGE gel.
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Supplementary Figure 4-12. In vitro incubation of Pfl[HamAB with Single-Stranded DNA Binding
Protein (SSB), RecBCD, and Topoisomerase l. In vitro reactions of HamAB with SSB, RecBCD, and
Topoisomerase | visualized on a Coomassie PAGE gel. In lanes 4, 7, and 10 (from left to right), protein
substrates were pre-boiled before addition of HamAB.
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Supplementary Figure 4-13. In vitro cleavage of various nucleic acids by Pfl[HamMAB. A) /n vitro
reactions of HamM and HamAB against ssDNA and ssDNA, visualized on a 2% agarose gel stained with
SYBR Gold. B) In vitro phage EdH4 gDNA cleavage assay with HamM and HamAB with time course. C)
In vitro reactions of HamM and HamAB against dsRNA and ssRNA, visualized on a 2% agarose gel
stained with SYBR Gold. D) In vitro reactions of HamM and HamAB against dsRNA and ssRNA in buffer
supplemented with 1 mM ZnCl,, visualized on a 2% agarose gel stained with SYBR Gold.
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Supplementary Figure 4-14. Pre-cut HamM is constitutively toxic to host cells. A) Diagram of
comparing portions of the wildtype Pfl[HamMAB locus with the ‘pre-cut’ version of the HamM in HamA
protease-dead backgrounds. DNA and resulting protein sequences are shown as insets below loop 1
and loop 2 proteolysis insertion regions to illustrate how breaks in the peptide backbone were
programmed. B) AlphaFold3 predicted structures of wildtype Pfl[HamMAB and ‘pre-cut’ tripeptide. The
locations of the new N- and C-termini are shown. C) Growth curves of E. coli expressing either native
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PflIHamMAB or ‘pre-cut’ Pfl[HamMAB, each with a deactivated protease domain (S157A), with or without
induction. Data are shown as mean + standard deviation (shaded area) across three independent
biological replicates.
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Supplementary Figure 4-15. Drug-induced Pfl[HamMAB toxicity. A) Growth curves of E. coli
expressing either native PflHamMAB or an empty vector control, with or without the indicated
concentrations of nalidixic acid and inducer (anhydrotetracycline). B) Growth curves of E. coli expressing
either native PflHamMAB or an empty vector control, With or without the indicated concentrations of
gentamicin and inducer (anhydrotetracycline). In all cases, data are shown as mean + standard deviation
(shaded area) across three independent biological replicates.
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Supplementary Figure 4-16. In vitro ATPase assay of Pf[HamAB. Malachite green ATPase assays of
HamAB with ATP against a panel of DNA substrates. Individual data points of two independent biological

replicates are shown.
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Supplementary Figure 4-17. EpiAvs liquid infection and terminase-mediated activation. A) Growth
curves of E. coli empty vector control or expressing EpiAvs during phage P1 infection at the specified
multiplicity of infection (MOI). B) Growth curves of E. coli coexpressing phage P1 terminase gene under
control of the pJEX system with either EpiAvs or an empty vector control. Induction of the terminase
gene with crystal violet (CV) is indicated with a dashed line. C) Growth curves of E. coli coexpressing
phage lambda terminase gene under control of the pJEX system with either EpiAvs or an empty vector
control. Induction of the terminase gene with crystal violet (CV) is indicated with a dashed line. In every
case, data are shown as mean = standard deviation (shaded area) across three independent biological
replicates.
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Supplementary Figure 4-18. Plaque assays of E. piriflorinigrans AVAST and Avsia mutants. A)
Images of triplicate plaque assays where E. coli expressing EpiAVAST and catalytic mutants of Avsia
were challenged with tenfold dilutions of phage P1. B) Images of triplicate plaque assays where E. coli
expressing EpiAVAST and a chimeric EpiAvs system with an Avs1a nuclease from Citrobacter sp. ESBL3
(NZ_JAZEVZ010000002.1).
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Supplementary Figure 4-19. Structural comparisons of trypsin-associated nucleases. A) Model for
the emergence of autoinhibitory ‘gating’ insertions (green) in trypsin-associated nucleases in antiphage
systems. B-E) AlphaFold3 predicted protein structures for nuclease genes in Hachiman, AVAST,
Lamassu and DRT (UG9) systems, as in Supplementary Fig. 4-1 but with an additional view shown and
colored by pLDDT. In each case, protein structures were predicted using loci from Fig. 4-1A. Predicted
structural snapshots are aligned to show homology.
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Supplementary Figure 4-20. Plaque assays of K. aerogenes CanABC and mutants. A) Images of
triplicate plaque assays where E. coli expressing KaeCanABC and various catalytic and cut site mutants
were challenged with tenfold dilutions of phage T4.
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Supplementary Figure 4-21. Phage escape of KaeCanABC involves mutation of the dda helicase.
A) Images of triplicate plaque assays where E. coli expressing K. aerogenes CanABC was challenged
with 10-fold dilutions of WT and isolated escaper phage T4. B) Overview of the whole-genome
alignments of WT and Canu-escaping T4 phages. C) Overview of the T4 Dda helicase structure
(PDB:3UPU) with ssDNA, with ATP binding and active site residues labeled. D) Location of phage T4
escape mutants on the structure from (C). Locations of point mutations and truncations are shown in red,
as in a close-up of residue T63 to demonstrate proximity to DNA.
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	3.3.7 Helicase ratcheting may activate HamAB  
	3.3.8 Hachiman degrades phage and host DNA simultaneously during infection 

	Figure 3-5. Hachiman defends against bacteriophage by nonspecific DNA clearance. A) EdH4 infection time-course in E. coli expressing wildtype HamAB, HamAB* (HamAB(D431A)) or HamA*B (HamA(E138A,K140A)B) or lacking the Hachiman system (- control). Cell membranes were stained with FM4-64 (red) and DNA was stained with DAPI (cyan). Scale bar = 3 µm. MOI ≈ 2. B) Quantification of intracellular DAPI-stained DNA cross-sectional area over the course of EdH4 infection. Dots represent individual medians from three biological replicates. ** p < 0.01 by Dunnett’s test. n >225 in total across all replicates for each condition (see Methods). C) Time-to-lysis of EdH4 infecting the control strain based on time-lapse brightfield microscopy under the same growth and infection conditions as the time-course in (A) and (B). Black points represent the mean cumulative percentage of total lysed cells that have burst at 10 minute intervals over the course of EdH4 infection, measured in triplicate. Shaded region represents the standard
	3.3.9 DNA damage activates Hachiman  

	Figure 3-6. DNA damage activates Hachiman. A-E) Cell growth of E. coli MDS42 expressing wildtype HamAB, HamA*B and HamAB* at 20 nM aTc aTc in the absence or presence of minimum inhibitory concentrations of nalidixic acid (A), novobiocin (B), bleomycin (C), mitomycin C (D) and gentamycin (F). Growth curves are colored according to condition. See Supplementary Fig. 3-6 for complete minimum inhibitory concentration determinations. Data are presented as the mean of three biological replicates ± standard deviation. 
	3.3.10 Hachiman associates with intact dsDNA 

	Figure 3-7. Hachiman scans intact dsDNA. A) HamA*B-plasmid +ATP specimen preparation. B) Representative motion-corrected, dose-weighted cryo-EM micrograph from the HamA*B-plasmid DNA dataset. Plasmid DNA and bound particles are indicated with white arrows. C) Representative 2D classes of particles bound to plasmid DNA. D) Cartoon depicting the scanning state resolved here and comparison with the loading state resolved in the HamB-DNA dataset. E) Composite cryo-EM density colored according to domain. Protein regions are from the 3.2 Å deepEMhancer-sharpened map, while DNA is from the 3.2 Å sharp map masked and B-factor refined to display helical features. F) Orthogonal views of the HamA*B-plasmid DNA structure. The DNA sequence is unknown. G) Detail of ATP in HamB, with residues and hydrogen bonds shown. The density is masked to ATP. H) Cartoon showing separation of intact dsDNA from the HamA active site. I) Model of threshold activation of Hachiman. J) Proposed mechanism of Hachiman activation.  
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	3.6 Supplementary Information 
	Supplementary Figure 3-1. Helicases and Hachiman phylogenetic analysis. A) Annotated phylogenetic tree of phage defense system associated helicase core domains and reference helicases shown in Fig. 3-1B. Bootstrapping values determined by UFBoot2208 are shown. B) Zoomed-in view focusing on represented Ski2 helicases.  
	Supplementary Figure 3-2. Function and phylogeny of tested HamAB proteins. A,B) Phylogenetic tree of (A) HamA and (B) HamB from DefenseFinder143 with HamA and HamB sequences from this manuscript and AbpAB164 are labeled. We assign three potential clades of HamB and their corresponding HamA clades as I-III. C) Representative plaque assays for ECOR31 HamAB and phages tested in this study. D) Growth curves of E.coli expressing ECOR31 Hachiman (left) or HamB mutant (right) during EdH4 infection at specified MOI. Data are shown as mean ± standard deviation across three independent, biological replicates. E) Phage production assay for EdH4 infection of E.coli expressing wildtype Hachiman (red) or HamB mutant Hachiman (green). EdH4 titers were estimated over time by sampling endpoint supernatants of infections from Supplementary Fig. 3-2D. Free PFU was calculated by dividing the infection titer by the phage titer at 0 minutes post infection (mpi). Data are shown as mean ± std across three independent, biological replicates with individual data points shown. F) Phage replication assay for EdH4 infection of E.coli expressing wildtype Hachiman (red) or HamB mutant Hachiman (gray). EdH4 titers were estimated over time by sampling from the supernatant of MOI 0.02 infections. Free PFU was calculated 
	Supplementary Figure 3-3. Cryo-EM structure of the HamAB apo complex. A) Size exclusion chromatography traces of MBP-HamA pre-TEV treatment, post-TEV treatment and HamB alone. B) Left, size exclusion chromatography trace of MBP-HamAB and corresponding peaks run on a coomassie PAGE gel. Right, size exclusion chromatography trace of HamAB after TEV protease treatment, with elution fractions run on coomassie PAGE gel shown above. C) Particle picking, classification, and refinement strategy to generate the final apo HamAB density. D) Orientation distribution of the final particle set. E) Gold standard FSC curve. F) Sharpened map colored by local resolution. G) Example model-to-map fit. H-I) Sequence logos of helicase motifs in the RecA1 (H) and RecA2 (I) domains calculated from the HamB MSA. The residue number and identity of the corresponding sequence in ECOR31 HamB is shown below start and end motif positions. J) Secondary structure diagram depicting the HamAB interaction interface. K) Comparison of secondary structures
	Supplementary Figure 3-4. Analysis of HamAB biochemical activities in vitro. A-D) HamB DNA unwinding assays on substrates with a 50 bp duplex and a 15 nt 3′ OH (A), 15 bp duplex and 15 nt 3′ OH (B), 15 nt duplex with a 5 nt 3′ OH (D), and 15 nt duplex with a 35 nt 3′ OH (E). DNA substrates are labeled with 5′ FAM. Gels are representative of three independent biological replicates. E-F) Normalized percent unwinding of DNA substrates with varying OH lengths (E) and different OHs (F). All substrates are labeled with 5′ FAM. Shown are the mean and standard error of quantifications of three replications of unwinding assays in the format of A-D normalized against basal unwinding (see Methods). G) Left, titration of HamAB WT and HamA*B complexes with plasmid DNA. Right, Controls of 40 ng plasmid and 500 nM HamAB and HamA*B demonstrating small amounts of contaminating DNA in protein preparations. H) Time courses HamAB degradation of supercoiled, nicked, and cut plasmid. I) HamAB degradation of a 75 bp dsDNA
	Supplementary Figure 3-5. Cryo-EM structure of two HamB-DNA complex conformations. A) Particle picking, classification, and refinement strategy to generate the final HamB-DNA densities for conformations 1 and 2. B) Orientation distribution of the final conformation 2 particle set. C) Gold standard FSC curve for conformation 2. D) Conformation 2 Sharpened map colored by local resolution. E) Orientation distribution of the final conformation 1 particle set. F) Gold standard FSC curve for conformation 1. G) Conformation 1 Sharpened map colored by local resolution. H) Example model-to-map fit for conformation 2. I) Example model-to-map fit for conformation 1. J) Molecular detail of the PriA-like strand unwinding pin in HamB-DNA conformation 1. K) Efficiency of plaquing for a Hachiman mutant (T407A) deficient in the ability to form a hydrogen bond with the 3′ hydroxyl of ssDNA. Data are shown as mean ± std across three independent, biological replicates with individual data points shown. L) Detail of the HamB RecA2-NAH
	Supplementary Figure 3-6. Drug-induced DNA damage activates Hachiman. A,B) Efficiency of plaquing for E. coli MDS42 expressing wildtype HamAB or a negative control (dCas13d) against phages T4 (A) and EdH4 (B). Data are shown as mean ± std across three independent, biological replicates with individual data points shown. C-G) Cell growth of E. coli MDS42 expressing a vector control (left), wildtype HamAB (second from left), nuclease-deficient HamA*B (middle), helicase-deficient HamAB* (second from right), and HamAD119AB (HamA**B) (right) at 20 nM aTc in the presence of variable concentrations of nalidixic acid (C), novobiocin (D), bleomycin (E), mitomycin C (F) and gentamycin (G). Growth curves are colored according to condition. The minimum inhibitory concentration without the confounding effects of gene expression determined by a vector control used in Fig. 3-6 is denoted with a star. All growth curves performed in biological triplicate. The mean and standard deviation of each condition are plotted. 
	Supplementary Figure 3-7. Cryo-EM structure of a HamA(E138A, K140A)B-plasmid DNA complex. A) Particle picking, classification, and refinement strategy to generate the final HamA(E138A, K140A)B-plasmid DNA density. B-C) Final densities at low (B) and high (C) thresholds colored by local resolution. An inner surface slice is shown to the right. D) Orientation distribution of the final particle set. E) Gold-standard FSC curve. D) Conformation 2 sharpened map colored by local resolution. E) Orientation distribution of the final conformation 1 particle set. F) Toxicity from different levels of Hachiman induction (aTc). All growth curves performed in biological triplicate. The mean and standard deviation of each condition are plotted. G) Comparison of ECOR31 HamB from this study with ECOR04 HamB, ECOR28 HamB, and Bacillus cereus HamB Colabfold predictions. H) Electrostatic surface potential representations of the structures from F, in the same orientation and scale. The DNA entry channel and RecA2 DNA loop/ positively
	Supplementary Table 3-1. Cryo-EM data collection, refinement, and validation statistics. 
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	4.1 Abstract 
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	4.3.1 Repeated acquisition of paired genes in multiple antiphage systems 
	Figure 4-1. Multiple defense systems acquired a predicted nuclease and fused protease. A) Loci illustrating the genetic architecture of multiple defense systems encoding a predicted N-terminal MBL hydrolase-like nuclease and a fused protease. (B) Phylogenetic tree of MBL hydrolase-like nucleases accessory to known defense systems which are associated with fused trypsin-like protease domain. Tree leaves are colored according to inclusion of the nuclease in known defense systems based on neighborhood analysis. The outer track indicates bacterial phyla for each nuclease representative. Leaves shown in (A) are labelled. Branches with support values < 60 are deleted. A subtree is shown. For the complete phylogeny, see Supplementary Fig. 4-2A,B. 
	4.3.2 Hachiman-regulated proteolytic cleavage unmasks the nuclease active site 

	 
	Figure 4-2. HamMAB encodes a specific protease which activates a partner nuclease. A) Pseudomonas fluorescens HamMAB operon (CP010945.1) annotated with predicted catalytic residues and comparison to ECOR31 HamA active site. B) Quantification of phage EdH4 plaque assays against PflHamMAB and mutants. Individual data points of three independent biological replicates are shown along with the mean. C) Growth curves of E. coli expressing PflHamMAB and empty control during EdH4 infection at specified multiplicity of infection (MOI). Data are shown as mean ± standard deviation (shaded area) across three independent biological replicates. D) In vitro reactions of HamM and HamAB visualized on a Coomassie PAGE gel. E) Mass spectrometry reads of fragment 1, fragment 2, and fragment 3 mapped onto the HamM sequence. F) In vitro plasmid clearance assay of HamM and HamAB with time course. G) Comparison of AlphaFold3 models of the Bacillus subtilis ComEC MBL hydrolase-like nuclease domain (uniprot: P39695) with HamM, with active
	4.3.3 DNA sensing and oligomerization trigger HamMAB defense 
	4.3.4 Gated nuclease activation is conserved in AVAST 

	Figure 4-3. Nuclease-protease pairs function in AVAST. A) AlphaFold3 model of the AVAST Avs1a nuclease from E. piriflorinigrans (CFBP5888), with active site colored black, predicted protease cut sites colored gray, and insertions colored lime green. Below, sequence logos of predicted cut site positions among related nucleases, with the EpiAvs1a primary sequence as a reference. B) Quantification of phage P1 plaque assays against EpiAvs and predicted protease cut site mutants. Individual data points of three independent biological replications are shown along with the mean. A portion of the locus showing locations of insertions in the EpiAvs1a primary sequence and predicted cut sites is shown. C) Immunoblot of cell lysates from cells expressing EpiAvs or EpiAvs with cut site mutants in the Avs1a nuclease (I134K, I234K) infected with phage P1 (MOI 3). Both constructs encode a 3xFLAG-tag fused to the N-terminus of Avs1a. GroEL serves as a loading control. The full length protein (~45.8 kDa) and the predicted cleavage
	4.3.5 Identification of a caspase-nuclease defense system 

	Figure 4-4. Canu is an antiphage defense system with a caspase-activated nuclease. A) Phylogenetic tree showing major clades of nucleases associated with multiple protease families, as annotated by the outer track (right). A subtree is shown. For the complete phylogeny, see Supplementary Fig. 4-2. B) Representative caspase-nuclease or canu loci with domains annotated (ig-like, immunoglobulin-like; TPR, tetratricopeptide repeat). The Klebsiella aerogenes CanABC operon (bottom) is annotated with predicted catalytic residues. C) Structural homology (DALI Z-score: 20.7) between the AlphaFold3 model of KaeCanA and the human paracaspase MALT1 (Mucosa-associated lymphoid tissue lymphoma translocation protein 1, PDB: 3UOA), with active sites colored black. D) AlphaFold3 model of KaeCanC, with active site colored black, predicted protease cut sites colored gray, and insertions colored lime green. Below, sequence logos of predicted cut site positions among related nucleases, with the KaeCanC primary sequence below. E) 
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	4.6 Supplementary Information 
	Supplementary Figure 4-1. Structural comparison of nuclease-protease pairs in known defense systems. A) Loci illustrating the genetic architecture of multiple defense systems encoding an N-terminal MBL hydrolase-like nuclease and partnering trypsin-like protease, as in Fig. 4-1A. Annotations for gene context and gene names are shown. B-E) AlphaFold3 predicted protein structures for nuclease and protease-fusion genes in Hachiman, AVAST, Lamassu, and DRT (UG9) systems. In each case, protein structures were predicted using loci from (A). Predicted structural snapshots are aligned to show homology.  
	Supplementary Figure 4-2. Modular evolution of defense-associated MBL hydrolase-like nucleases. A) Phylogenetic tree of diverse MBL hydrolase-like nuclease sequences in bacteria. The phylogenetic tree is rooted at a large clade containing MBL hydrolase-like nucleases without known protease associations which encode ComE nuclease domains. Tree leaves are colored according to inclusion of the predicted nuclease in known defense systems as determined by PADLOC search of a 20 kbp genomic context. The outer track indicates association with nearby protease families. Three major operonic protease families - subtilase-, caspase-/CHAT- and trypsin-family proteases were detected. Branches with support values < 60 are deleted, resulting in polytomy. Select bootstrap support values are shown. The clade containing trypsin-associated nucleases is shown as a subtree in Fig. 4-1B. A subtree of protease-associated nucleases is shown with clades collapsed in Fig. 4-4A. B) Unrooted form of phylogenetic tree from (A). Colored ranges
	Supplementary Figure 4-3. Comparison between species and nuclease trees and reconciliation analysis. A) Tanglegram comparing a species tree extracted from the Genome Taxonomy Database (GTDB) and select homologs of MBL hydrolase-type nucleases encoded by these species (see Methods). Taxonomic order is indicated by the species tree outer track. Lines connecting leaves show which species encode the corresponding nuclease and serve as a visualization for topological incongruence. Formal reconciliation analyses (GeneRax, UndatedDTL, see Methods) suggest that horizontal transfer and gene loss, but not duplication, primarily account for the evolutionary history of these genes (duplication = 1e-07, loss = 0.266004, transfer = 0.413985). 
	Supplementary Figure 4-4. Comparison of nuclease and trypsin-like protease phylogenies. A) Tanglegram comparing phylogeny of select homologs of MBL hydrolase-type nucleases and a phylogeny of the corresponding trypsin-like protease (see Methods). Taxonomic order is indicated by the nuclease tree outer track. Lines are colored according to nuclease taxonomy and connect to co-encoded proteases. 
	Supplementary Figure 4-5. Nuclease-protease Hachiman systems are highly diverse. Genomic loci encoding nuclease-protease Hachiman systems from different clades of the nuclease phylogeny in Supplementary Fig. 4-2A. Percent identity between different genes are shown between loci. P. fluorescens and Y. enterocolitica sequences originate from the same clade.  
	Supplementary Figure 4-6. Hachiman HamA acquired multiple additional domains. A) Model for Hachiman antiphage defense. B) Loci illustrating the genetic architecture of canonical and fusion variant Hachiman systems. The five fusion-HamA systems identified are: Toll/interleukin-1 receptor (TIR) domain-HamA, trypsin protease-HamA with upstream metallo‐β‐lactamase fold hydrolase-like nuclease (HamM), YT521-B homology (YTH) domain-HamA, helical bundle (HB) domain-HamA, and CBASS activated protein 4 (Cap4) domain-HamA or AbpA. C-G) AlphaFold structural predictions of domain-HamA fusions shown in (B). Inset boxes show structural superpositions with DALI-predicted homologous experimental structures, which are shown in white and are indicated below in each case.  
	Supplementary Figure 4-7. HamA domain phylogeny and loss of nuclease activity. A) Phylogenetic tree of 4,094 HamA domain sequences. The tree is rooted at a clade containing 10 homologs of the P. aquatile type IIS restriction endonuclease domain. The inner track indicates presence of a fusion domain, but these were excluded from phylogenetic analysis to ascertain the phylogeny exclusively of the HamA domain. The outer track indicates associated phyla. Branches with support values < 60 are deleted, resulting in polytomy. B) Cartoon of the fusion containing clade in (A), with clades collapsed and color-coded to indicate fusion content. C) Fraction of HamA sequences encoding fusions. D) Sequence logos of the nuclease active site for canonical versus domain fusion HamA variants are shown above a density plot showing the distribution of HamA protein lengths across HamA diversity. HamA variants were manually curated from all HamA domain sequences from panel (A) and aligned.  
	Supplementary Figure 4-8. Pseudomonas fluorescens HamMAB is antiphage. A) Heatmap of the efficiency of plating of diverse phages on E. coli expressing P. fluorescens HamMAB. B) Images of triplicate plaque assays where E. coli expressing PflHamMAB was challenged with diverse bacteriophages indicated. Experiments are summarized in (A).  
	Supplementary Figure 4-9. Plaque assays of P. fluorescens HamMAB mutants. A) Images of triplicate plaque assays where E. coli expressing PflHamMAB and catalytic mutants were challenged with tenfold dilutions of phage EdH4. B) Images of triplicate plaque assays where E. coli expressing PflHamMAB and cut site mutants of HamM were challenged with tenfold dilutions of phage EdH4. 
	Supplementary Figure 4-10. Complete liquid infection data for PflHamMAB. A) Growth curves of E. coli empty vector control during EdH4 infection at the specified multiplicity of infection (MOI) and level of induction. B) Growth curves of E. coli expressing PflHamMAB during EdH4 infection at the specified multiplicity of infection (MOI) and level of induction. In all cases, data are shown as mean ± standard deviation (shaded area) across three independent biological replicates.  
	Supplementary Figure 4-11. Purification of HamM and HamAB. A) Size exclusion chromatography trace of HamM after TEV protease treatment and removal of MBP by reverse immobilized metal affinity purification (IMAC). Corresponding peaks of elution fractions are run on a Coomassie PAGE gel. B) Size exclusion chromatography trace of HamM after TEV protease treatment and removal of MBP by reverse IMAC. Corresponding peaks of elution fractions were run on a Coomassie PAGE gel. 
	Supplementary Figure 4-12. In vitro incubation of PflHamAB with Single-Stranded DNA Binding Protein (SSB), RecBCD, and Topoisomerase I. In vitro reactions of HamAB with SSB, RecBCD, and Topoisomerase I visualized on a Coomassie PAGE gel. In lanes 4, 7, and 10 (from left to right), protein substrates were pre-boiled before addition of HamAB.  
	 
	Supplementary Figure 4-13. In vitro cleavage of various nucleic acids by PflHamMAB. A) In vitro reactions of HamM and HamAB against ssDNA and ssDNA, visualized on a 2% agarose gel stained with SYBR Gold. B) In vitro phage EdH4 gDNA cleavage assay with HamM and HamAB with time course. C) In vitro reactions of HamM and HamAB against dsRNA and ssRNA, visualized on a 2% agarose gel stained with SYBR Gold. D) In vitro reactions of HamM and HamAB against dsRNA and ssRNA in buffer supplemented with 1 mM ZnCl2, visualized on a 2% agarose gel stained with SYBR Gold. 
	Supplementary Figure 4-14. Pre-cut HamM is constitutively toxic to host cells. A) Diagram of comparing portions of the wildtype PflHamMAB locus with the ‘pre-cut’ version of the HamM in HamA protease-dead backgrounds. DNA and resulting protein sequences are shown as insets below loop 1 and loop 2 proteolysis insertion regions to illustrate how breaks in the peptide backbone were programmed. B) AlphaFold3 predicted structures of wildtype PflHamMAB and ‘pre-cut’ tripeptide. The locations of the new N- and C-termini are shown. C) Growth curves of E. coli expressing either native PflHamMAB or ‘pre-cut’ PflHamMAB, each with a deactivated protease domain (S157A), with or without induction. Data are shown as mean ± standard deviation (shaded area) across three independent biological replicates. 
	Supplementary Figure 4-15. Drug-induced PflHamMAB toxicity. A) Growth curves of E. coli expressing either native PflHamMAB or an empty vector control, with or without the indicated concentrations of nalidixic acid and inducer (anhydrotetracycline). B) Growth curves of E. coli expressing either native PflHamMAB or an empty vector control, With or without the indicated concentrations of gentamicin and inducer (anhydrotetracycline). In all cases, data are shown as mean ± standard deviation (shaded area) across three independent biological replicates. 
	Supplementary Figure 4-16. In vitro ATPase assay of PflHamAB. Malachite green ATPase assays of HamAB with ATP against a panel of DNA substrates. Individual data points of two independent biological replicates are shown.  
	Supplementary Figure 4-17. EpiAvs liquid infection and terminase-mediated activation. A) Growth curves of E. coli empty vector control or expressing EpiAvs during phage P1 infection at the specified multiplicity of infection (MOI). B) Growth curves of E. coli coexpressing phage P1 terminase gene under control of the pJEX system with either EpiAvs or an empty vector control. Induction of the terminase gene with crystal violet (CV) is indicated with a dashed line. C) Growth curves of E. coli coexpressing phage lambda terminase gene under control of the pJEX system with either EpiAvs or an empty vector control. Induction of the terminase gene with crystal violet (CV) is indicated with a dashed line. In every case, data are shown as mean ± standard deviation (shaded area) across three independent biological replicates.  
	Supplementary Figure 4-18. Plaque assays of E. piriflorinigrans AVAST and Avs1a mutants. A) Images of triplicate plaque assays where E. coli expressing EpiAVAST and catalytic mutants of Avs1a were challenged with tenfold dilutions of phage P1. B) Images of triplicate plaque assays where E. coli expressing EpiAVAST and a chimeric EpiAvs system with an Avs1a nuclease from Citrobacter sp. ESBL3 (NZ_JAZEVZ010000002.1). 
	Supplementary Figure 4-19. Structural comparisons of trypsin-associated nucleases. A) Model for the emergence of autoinhibitory ‘gating’ insertions (green) in trypsin-associated nucleases in antiphage systems. B-E) AlphaFold3 predicted protein structures for nuclease genes in Hachiman, AVAST, Lamassu and DRT (UG9) systems, as in Supplementary Fig. 4-1 but with an additional view shown and colored by pLDDT. In each case, protein structures were predicted using loci from Fig. 4-1A. Predicted structural snapshots are aligned to show homology. 
	 
	Supplementary Figure 4-20. Plaque assays of K. aerogenes CanABC and mutants. A) Images of triplicate plaque assays where E. coli expressing KaeCanABC and various catalytic and cut site mutants were challenged with tenfold dilutions of phage T4. 
	 
	Supplementary Figure 4-21. Phage escape of KaeCanABC involves mutation of the dda helicase. A) Images of triplicate plaque assays where E. coli expressing K. aerogenes CanABC was challenged with 10-fold dilutions of WT and isolated escaper phage T4. B) Overview of the whole-genome alignments of WT and Canu-escaping T4 phages. C) Overview of the T4 Dda helicase structure (PDB:3UPU) with ssDNA, with ATP binding and active site residues labeled. D) Location of phage T4 escape mutants on the structure from (C). Locations of point mutations and truncations are shown in red, as in a close-up of residue T63 to demonstrate proximity to DNA.  
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