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INTRODUCTION

The ongoing arms race between bacteria and mobile genetic elements, such
as bacteriophages (phages), has driven bacteria to evolve complex defense
systems. These systems detect phage infection and coordinate effector
responses to prevent viral replication. CRISPR-Cas systems are adaptive
immune mechanisms that protect prokaryotes against invasive mobile genetic
elements (Nussenzweig and Marraffini, 2020). While all CRISPR-Cas types
use a crRNA-guided protein or protein complex to recognize and degrade
foreign nucleic acids complementary to the guide RNA, type 111 CRISPR-Cas
systems add an extra layer of defense: a cyclic oligoadenylate (cA,, n=3-6)-
based signaling pathway that activates auxiliary effector proteins (Stella and
Marraffini, 2024).

When type 11l CRISPR-Cas interference complex, Csm in subtypes I11-A
and 111-D or Cmr in subtype 1l1-B, detects complementary foreign RNA, it
activates the Palm domain of the Cas10 subunit, triggering the synthesis of
CAn from ATP (Kazlauskiene et al., 2017; Niewoehner et al., 2017). These
cAn molecules then bind to accessory proteins, activating their effector
domains. In type IlII-A/B/D systems, the most common architecture of
accessory proteins includes a CRISPR-Cas associated Rossmann fold (CARF)
domain fused to various effector domains (Mascher, 2023; Osterberg et al.,
2011). CARF-containing effectors have been extensively characterized in
recent years (Steens et al., 2022; Stella and Marraffini, 2024). However, some
type 111 CRISPR-Cas systems feature proteins with a sensory SAVED domain
(SMODS-associated and fused to various effector domains) instead of CARF
(Makarova et al., 2020a; Steens et al., 2024). SAVED domains are closely
linked to another prokaryotic defense system known as the cyclic
oligonucleotide-based antiphage signaling system (CBASS) (Slavik and
Kranzusch, 2023). Like type Il CRISPR-Cas systems, CBASS relies on
cyclic nucleotide signaling and effector protein activation, employing an
abortive infection mechanism. However, experimental data on the role of the
SAVED domain in CRISPR-Cas immunity remain scarce.

CA\ production stops once the target RNA is degraded by the Csm/Cmr
complex (Kazlauskiene et al., 2017; Rouillon et al., 2018). However, the
produced cA, molecules can continue activating auxiliary -effectors,
potentially leading to cellular toxicity. To prevent this, additional regulation
of the signaling pathway is crucial to avoid excessive activation of effectors
and subsequent cellular damage. Recent studies have shown that type IlI
CRISPR-Cas systems achieve this regulation by using specialized signaling
molecule-hydrolyzing enzymes known as CRISPR ring nucleases (Crn)
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(Athukoralage et al., 2018). Crn proteins contain a CARF fold, suggesting that
CARF-effectors may also possess intrinsic ring nuclease activity similar to
Crns.

Objects of the Thesis

The objects of this thesis are the type 111-A CRISPR-Cas auxiliary effectors
Csm6 and Csm6é' (StCsm6 and StCsm6’) from Streptococcus thermophilus
DGCC8004, and the tripartite effector CalpL-CalpT-CalpS (CCaCalpL-
CalpT-CalpS) from Candidatus Cloacimonas acidaminovorans str. Evry. The
CalpL protein in this system is a Lon-SAVED fusion effector, the CalpT
protein is an anti-c factor and the CalpS protein is a ¢ factor.

Goals of the Thesis

The goals of the thesis were:

(i) to elucidate the mechanism of cAs signaling deactivation by StCsm6
and StCsm6’ in the S. thermophilus system,

(ii) to determine the detailed molecular mechanism of the CCaCalpL-
CalpT-CalpsS tripartite effector in the type I11I-A CRISPR-Cas defense.

To achieve these goals, the following objectives were established:

1. To evaluate the synthesis of cAs and other cA, by type I1I-A CRISPR-
Cas system in bacterial cells, with and without StCsm6 and StCsm6'.

2. To characterize the enzymatic activities of the CARF and HEPN
domains of StCsmé in degrading cAs and other cA, in vitro.

3. To determine the molecular requirement for the activation of
CCaCalpL effector and its interaction with the substrate CCaCalpT-
Calps.

4. To elucidate the mechanism of the release of the ¢ factor CCaCalpS
from the CCaCalpT-CalpS complex.

5. To determine the deactivation mechanism of the CCaCalpL effector,
by testing its ability to degrade cAa.

6. To provide structural rationale for the activation and regulation of Lon-
SAVED architecture effector CCaCalpL.

Scientific novelty and practical value

In 2017, type 111 CRISPR-Cas systems were discovered to produce cyclic
oligoadenylate (cA.) signaling molecules, which activate diverse auxiliary
CARF- and SAVED-effector proteins to enhance CRISPR-Cas defense.
While it was established that cA, synthesis stops upon target RNA cleavage
(Kazlauskiene et al., 2017), the regulation of cAr-activated effectors remained
unresolved.
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CARF-domain effectors are now well characterized and include RNA
nucleases (Csm6 and Csx1), DNA nucleases, deaminases, translation
inhibitors, and transmembrane proteins (Stella and Marraffini, 2024). In
contrast, the molecular mechanisms of SAVED domain containing-effectors
remained largely unexplored, with recently gained insights being limited to
the SAVED-CHAT effector (Steens et al., 2024).

This study aimed to elucidate the full regulatory mechanism of type Il
CRISPR-Cas systems by investigating the deactivation of CARF-effector
Csm6 and the regulation of SAVED-effector CalpL. The key scientific
contributions of this work include:

1. Regulation of cAs signaling: By monitoring cA, production in E. coli
cells expressing the S. thermophilus type 11l CRISPR-Cas system, we showed
that StCsmé and StCsm6' degrade their activator cAs and other cA, species.
Further in vitro studies revealed that the CARF domain of StCsm6 acts as a
cAs-specific ring nuclease, while its HEPN domain exhibits non-specific
RNase activity, cleaving cAs and other cA, at high substrate concentrations.
This work highlights the function of the CARF domain as a built-in off-switch
for both the effector and the CRISPR-Cas system - similar to standalone ring
nucleases. It also reveals the interplay between the CARF and HEPN domains
in the regulation of cA, signaling.

2. Regulation of SAVED-effector CalpL.: Studying the CalpL effector from
Ca. C. acidaminovorans, we discovered that it degrades its activator, cAs,
through a unique three-step mechanism, generating two linear intermediates
(As>p — linear tetraadenylate with cyclic 2'-3' phosphate and Asp — linear
tetraadenylate with 3’ phosphate). This differs from known mechanisms of
ring nucleases and is the first demonstration of enzymatic activity of the
SAVED domain.

3. Mechanism of the tripartite CCaCalpL-CalpT-CalpS effector: Through
biochemical, biophysical, and toxicity assays in E. coli, we demonstrated that
the cAy-activated Lon protease and SAVED domain fusion effector
CCacCalpL specifically cleaves the CCaCalpT anti-c factor in the CCaCalpT-
CalpS anti-o/c factor pair. We further discovered that cA4 binding induces
CalpL filament formation, which is essential for CCaCalpT-CalpS substrate
binding. Within the filament, CCaCalpT cleavage exposes a C-degron
sequence, targeting it for degradation by cellular proteases and thereby
releasing the o-factor CCaCalpS, which binds RNA polymerase and induces
growth arrest in E. coli. Structural studies showed that CCaCalpL forms
filaments upon binding to cAs or its cleavage products (As>p and Aasp)
explaining why filament formation is crucial for both the protease and ring
nuclease activities of CCaCalpL effector.
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These findings not only reveal the complexity of type 1ll CRISPR-Cas
systems and their auxiliary effectors but also underscore the stringent
regulatory mechanisms of prokaryotic defense systems. Additionally, it
contributes to the now growing notion that type Ill CRISPR-Cas systems
based on cA, signaling do not operate through an abortive infection
mechanism. This knowledge has important implications for the strategic use
of phages in phage therapy to combat antibiotic-resistant bacteria —a growing
global threat to human health and the sustainability of food and agricultural
systems.

The major findings presented for defense in this thesis:

1.

StCsm6 and StCsm6' degrade cAg and other cyclic oligoadenylates
(cAn) produced by the StCsm complex in E. coli.

The CARF domain of StCsm6 acts as a cAs-specific ring nuclease,
while the HEPN domain exhibits non-specific RNase activity,
degrading cAs and other CA.

cA4 binding induces the formation of CCaCalpL filament, enabling
CCaCalpT-CalpS binding and CCaCalpT cleavage by a neighboring
CCaCalpL subunit.

CCaCalpL-mediated CCaCalpT cleavage exposes a C-degron,
targeting the cleavage product for degradation by cellular proteases.
Degradation of CCaCalpT leads to the release of CCaCalpS, which
subsequently binds to bacterial RNA polymerase.

The SAVED domain of CCaCalpL functions as a cAs-specific ring
nuclease, degrading its activator through a sequential three-step
mechanism, generating two intermediates, As>p and Asp.

The formation of the CCaCalpL filament, triggered by cAs or its
cleavage intermediates, is crucial for the protease and ring nuclease
activities of the Lon-SAVED effector.
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1. LITERATURE OVERVIEW

Prokaryotes are in constant contact with mobile genetic elements such as
phages, plasmids, transposons, integrative conjugative elements (Gogarten
and Townsend, 2005). Some mobile genetic elements are beneficial to their
host by providing useful adaptive traits such as antibiotic resistance or
virulence factors (Frost et al., 2005; Rankin et al., 2011), while other such as
virulent phages are extremely harmful to the host because their replication
ends in lysis of the host cell (Buckling and Rainey, 2002). Therefore, to
combat destructive phage infections, prokaryotes have developed a range of
defense mechanisms. In recent years more than 130 novel defense systems
have been identified (Doronetal., 2018; Gao et al., 2020; Millman et al., 2022;
Vassallo et al., 2022).

In general, antiphage defense systems sense phage infection and
orchestrate an effector response to prevent viral proliferation. However, the
modes of action and complexity of the system vary widely. For example, some
defense systems, such as restriction-modification or most types of CRISPR-
Cas systems, directly recognize and cleave invaders DNA, while others, such
as the antiviral STAND (Avs), recognize the highly conserved phage proteins
and oligomerize to activate diverse effector domains that serve as abortive
infection modules that kill infected cells to prevent the spread of phages
through a population (Gao et al., 2022; Mayo-Mufoz et al., 2023). Thus, as
mentioned above, the phage detection and effector function can be physically
coupled and performed by a single protein or inhibitor complex, but physically
decoupled systems with more complicated regulatory networks that transmit
the signal between sensor and effector parts of the system are also quite
prominent. Defense systems, such as CBASS, type Il CRISPR-Cas, Pycsar
and Thoeris, utilize nucleotide-centric signal transduction pathways to
activate effector proteins (Hobbs and Kranzusch, 2024). In other cases, such
as bacterial gasdermin (bGSDM) and type IlI-E CRISPR-Cas proteolytic
cleavage is used for signal transduction (Johnson et al., 2022; Yang and Patel,
2022).

In this literature overview | will focus on signal transduction pathways
containing defense systems with a particular emphasis on nucleotide-based
immune signaling of type 11l CRISPR-Cas. Furthermore, | will take a look
into signal transduction by proteolytic cleavage in antiviral defense and in
control of global cellular processes such as transcription.
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1.1. Cyclic oligoadenylate signaling in type 111 CRISPR-Cas systems

CRISPR-Cas (clustered regularly interspaced short palindromic repeats;
CRISPR associated) systems represent a vast highly diverse family of
antiphage defense systems that utilize RNA guides to target invading nucleic
acids (Nussenzweig and Marraffini, 2020). Currently CRISPR-Cas systems
are categorized into 2 classes, 7 types (I-VI and recently proposed candidate
type VII) and more than 30 subtypes (Altae-Tran et al., 2023; Makarova et al.,
2020b; Yang et al., 2024). The CRISPR-Cas system consists of the CRISPR
array and genes encoding Cas proteins. The CRISPR array itself consists of
repeated DNA sequences — repeats — with unique sequences — spacers —
interspersed between them. The repeat sequences are conserved within the
species, while the spacer sequences are of extrachromosomal origin and
represent previous encounters with phages or other mobile genetic elements
(Mojica et al., 2005).

CRISPR-Cas systems work in three stages: adaptation, biogenesis, and
interference (Figure 1.1). Adaptation happens during the first encounter with
a phage, then short fragments of invaders nucleic acid are processed and
incorporated into the CRISPR array by Casl-Cas2 (and, in some cases,
auxiliary Cas proteins) adaptation module (Lee and Sashital, 2022). In the
second stage CRISPR array is transcribed and processed to short crRNAs
consisting of single spacer flanked by repeat fragments that are incorporated
into the Cas interference complexes and serve as programmable guides
(Charpentier et al., 2015). Interference occurs during reinfection when crRNA
guided Cas interference complex recognizes complementary invading nucleic
acids. Depending on the type of the system the target nucleic acid can be either
DNA (types I, 11, IV, V) or RNA (types Ill, VI, candidate VII) (Altae-Tran et
al., 2023; Makarova et al., 2020b; Nussenzweig and Marraffini, 2020) (Figure
1.1). Moreover, the molecular mechanism of the interference step is unique
for each system type (Figure 1.1). While all CRISPR-Cas types use a crRNA-
guided protein or protein complex to target and, in most cases, degrade foreign
nucleic acids therefore falling under the direct immunity pathway, most
subtypes of the type Il CRISPR-Cas systems use an additional layer of
defense — a cyclic oligoadenylate (CAn, n=3-6)-based signaling pathway to
activate accessory effector proteins (Stella and Marraffini, 2024). Therefore,
type 11l CRISPR-Cas systems can be classified as signal transducing immune
systems. Furthermore, type 111 CRISPR-Cas systems appear to be structurally
and mechanistically the most complex and are proposed to be the most likely
ancestor of other CRISPR-Cas types (Koonin and Makarova, 2022).
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Figure 1.1. The general mechanism of CRISPR-Cas adaptive immunity.
CRISPR-Cas systems respond to the invading nucleic acids in three stages:
adaptation, biogenesis, and interference. During primary infection Casl-Cas2
integrase complex captures the fragment of invading DNA and incorporates it into
CRISPR array as a spacer. This step is known as adaptation. During biogenesis step
Cas proteins are expressed and the CRISPR array is transcribed and processed into
crRNAs that contain sequence of a single spacer each. Mature crRNAs are bound by
Cas proteins forming crRNA-guided interference complexes. The molecular
mechanisms of the interference step are unique for each type. The interference
complex of type 1l (Cas9), type V (Cas12) and type I (Cascade) cleave invading DNA
that is complementary to crRNA spacer region. Cas9 cleaves dsDNA using Nuc and
RuvC domains, while Cas12 relies on single RuvC domain for cleavage of both DNA
strands (Chylinski et al., 2014; Swarts and Jinek, 2019). Most Cas12 additionally
possess non-specific single stranded DNA (ssDNA) and single stranded RNA
(ssRNA) trans-cleavage activity (Fuchs et al., 2022; Urbaitis et al., 2022; Yan et al.,
2019). Type | Cascade interference complexes recruit Cas3 nuclease for target DNA
cleavage (Hochstrasser et al., 2014). Type VI (Cas13) and candidate type VIl (Casl4-
complex) interference complexes target invader’s RNA. To specifically cleave bound
target RNA Cas14 possess nuclease domains of metallo-p-lactamase family while
Casl3 utilizes nuclease activity of HEPN domain (Altae-Tran et al., 2023; van
Beljouw et al., 2023; Yang et al., 2024). Activated Cas13 possess nonspecific trans-
cleavage activity on sSRNA (van Beljouw et al., 2023). Type IlI interference complex
(Csm/Cmr) recognizes and cleaves invader’s transcript and additionally degrades
foreign ssDNA that is exposed in the transcription bubble as well as produce signaling
molecules for activation of ancillary effectors (Stella and Marraffini, 2024; van
Beljouw et al., 2023). Type IV interference complex, Csf, does not cleave the invading
DNA, but recruits CasDinG helicase, which presumably interferes with the
transcription of the foreign DNA (Cepaité et al., 2024; Cui et al., 2023). However,
CasDing-HNH nuclease domain fusion variants have been also identified (Altae-Tran
etal., 2023).
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Type 11l CRISPR-Cas systems belong to class 1 systems and are further
subdivided into six (A-F) subtypes (Figure 1.2) (Koonin and Makarova, 2022;
Makarova et al., 2020b). Recently, a new candidate subtype 111-UAS has been
proposed (Altae-Tran et al., 2023). Due to historic reasons, type I11-A and I111-
B systems are the most thoroughly characterized and commonly referred to as
typical type-I11 systems. While new studies on types IlI-E and 111-D emerge
(Huetal., 2022; Kato et al., 2022b; Liu et al., 2022; Schwartz et al., 2024; van
Beljouw et al., 2021), type IlI-F and 111-C as well as a newly proposed IlI-
UAS remain biochemically and structurally uncharacterized.
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Figure 1.2. Current classification of type IlIl CRISPR-Cas systems.
Representative CRISPR—cas loci of each type Il subtype is shown. Homologous
genes are color-coded and identified by the systematic family name and a commonly
used legacy name (the legacy name is given under the systematic name). Dashed lines
indicate dispensable modules. Functionally uncharacterized genes are colored grey.
The grey shading indicates the subunits forming the interference complex. The
presence of the HD nuclease domain and cyclase GGDD motif in the Cas10 subunit
is indicated by the “HD” or by the star, respectively. Anc —ancillary effector. Adapted
from (Makarova et al., 2020b) with additional modifications based on (Altae-Tran et
al., 2023; Koonin and Makarova, 2022)

1.1.1.The interference complex

The interference complexes of type 11l CRISPR-Cas systems, except for
I11-E, are composed of crRNA and multiple proteins and contain the signature
protein Cas10 (Figure 1.2) (Altae-Tran et al., 2023; Koonin and Makarova,
2022; Makarova et al., 2020b). Cas10 (alternatively called Csm1 or Cmr2) is
the large subunit of the complex and together with other proteins of Casl1,
Cas7 and Casb families comprise the interference complex called Csm (types
II-A, 111-D and 1H1-F) or Cmr (111-B and 111-C) (Molina et al., 2020). The Cas7
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family subunits Csm3/Cmr4 have a conserved RNA recognition motif core
and possess RNase activity (Li et al., 2024; Molina et al., 2020). The Cas10
subunit, depending on the type and, in some instances, even on a particular
case, may have the HD phosphodiesterase domain, which enables the Cas10
to cleave ssDNA, and/or two Palm domains forming a composite active site
for production of signaling cA, molecules (Molina et al., 2020; van Beljouw
et al., 2023). The interference complexes of type IlI-A and I1I-B systems
commonly possess all three activities: RNase, DNase and synthase, while the
type I11-D interference complex lacking the HD active site was demonstrated
to cleave RNA and produce cA, (Hoikkala et al., 2024; Koonin and Makarova,
2022; Makarova et al., 2020b; Molina et al., 2020). Type I1I-C, I1I-F and I11-
UAS are predicted to possess RNase and DNase activities since these types
encode Csm3/Cmr4 homology subunits and Cas10 with HD domain (Altae-
Tran et al.,, 2023; Hoikkala et al., 2024; Koonin and Makarova, 2022;
Makarova et al., 2020b; Molina et al., 2020). Even though type I11-E systems
lack the signature Casl10, and the effector module is composed of a single
Cas7-Casl1 fusion protein, these systems are still categorized as type 111 based
on sequences similarity of Cas7 and Cas11 elements and will be reviewed in
Chapter 1.5.1 (Makarova et al., 2020Db).

The interference complexes Csm and Cmr of typical type Il1-A and type
I11-B CRISPR-Cas systems, respectively, have been the subjects for extensive
structural studies (Benda et al., 2014; Goswami et al., 2024; Guo et al., 2019;
Huo et al., 2018; Jia et al., 2019a, 2019c; Osawa et al., 2015; Sofos et al.,
2020; Staals et al., 2014; You et al., 2019). The essential core of the
interference complex is the mature crRNA. The crRNA is produced from the
transcript of the CRISPR array by Cas6 protein cleavage at repeat sequences
(Charpentier et al., 2015; Hatoum-Aslan Asma et al., 2014). The precursors
of crRNAs are further truncated, presumably by cellular or CRISPR-Cas-
associated nucleases, to the mature crRNAS, which consist of so-called 5'-tag
of 5’-handle (8 nt), derived from the repeat, and the unigue spacer sequence
(Chi and White, 2024; Chou-Zheng and Hatoum-Aslan, 2022; Walker et al.,
2017). The 5'-handle of crRNA is anchored by Csm4/Cmr3 and Casl0
subcomplex, while multiple copies of Csm3/Cmr4 bind the rest of crRNA
forming the backbone of the interference complex (Guo et al., 2019; Huo et
al., 2018; Jia et al., 2019c; Osawa et al., 2015; You et al., 2019). Small
subunits Csm2/Cmr5 arrange alongside the Csm3/Cmr4 filament, while
Csmb, in case of Cmr complex Cmr6 and Cmr1, caps the filament at the 3'-
end of crRNA. The amount of the backbone subunits varies depending on the
length of crRNA. For example, the type IlI-A interference complex of
Streptococcus thermophilus (St) from different S. thermophilus strains, NDO3
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and DGCC8004, were found to have crRNA of different lengths, 35 nt and 40
nt, respectively, and in turn form the StCsm complexes with slightly different
stoichiometries Lcrnagsnt:lcasio:2csm2:3csms:lesma:lesms OF  Lerrnaony): Lcasto:
3csm2:Besma: Lesma:lesms (Guo et al., 2019; Mogila et al., 2019; Tamulaitis et al.,
2014; You et al.,, 2019). The structure of the StCsm complex from S.
thermophilus strain NDO3 is shown in figure 1.3 A.
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Figure 1.3. StCsm interference complex. (A) Structure of the StCsm complex from
S. thermophilus NDO3 strain (PDB ID: 61FN) (You et al., 2019). Cas10 colored green,
The Linker region - dark green, Csm4 — dark yellow, Csm5 — light grey, Csm2 —
shades of cyan, Csm3 — shades of purple. Target RNA and crRNA are depicted as
surface and spacer part of crRNA is colored burgundy, crRNA 5-handle -dark grey,
target RNA - white. HD active site is depicted as blue spheres, GGDD motif — pink
spheres, the catalytic D residue in Csm3 active site — yellow spheres. (B) Schematic
representation of 35 nt crRNA containing StCsm complex and its activation upon
binding the target RNA containing either complementary or noncomplementary 3'-
flanking sequence. In both cases the closeup view of the Cas10 Linker region is
depicted (PDB ID: 6IFL and 61FY) (You et al., 2019). Subunits and crRNA parts are
color-coded.

Since the StCsm complex has been extensively studied and possesses all
three enzymatic activities (Guo et al., 2019; Kazlauskiene et al., 2017, 2016;
Mogila et al., 2019; Tamulaitis et al., 2014; You et al., 2019), I will use it to
illustrate the molecular mechanism of action of the interference complex of a
typical type 111 CRISPR-Cas. Upon phage infection, the StCsm complex binds
the phage transcript that is complementary to the spacer portion of the crRNA,
with the Csmb5 subunit playing a pivotal role in the initial phase of target RNA
binding (Mogila et al., 2019). The target RNA binding triggers the structural
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changes: the Csm2 subunits rotate away from the Csm3 subunits, Csm1 rotates
toward the 5’-end of the crRNA, generating a wider binding channel to harbor
the crRNA-target RNA duplex (You et al., 2019). Furthermore, the enzymatic
activities of Cas10 are activated: the HD domain starts to degrade sSDNA
presumably formed in the transcription bubble and the Palm domains start to
synthesize cA, from ATP (Figure 1.3 B) (Kazlauskiene et al., 2017, 2016).
However, the Cas10 activation is additionally dependent on the lack of
complementarity between 5'-handle of crRNA and 3'-flanking sequence of the
target transcript (Kazlauskiene et al., 2017, 2016). The non-complementary
3'-flanking sequence swings away from the crRNA and is positioned in the
cleft of Cas10 and causes structural rearrangement of the Cas10 Linker region,
especially in the part containing the zinc finger motif, whereas the
complementary 3'-flanking sequence does not interact with Casl10 directly,
therefore the Linker remains disordered (Figure 1.3 B) (You etal., 2019). Itis
thought that this stabilization of the Linker may cause subtle conformational
changes in the HD and Palm domains switching on the nuclease and cA,
synthesis activities. The non-complementarity rule between 5’-handle and 3'-
flanking sequence serves as a mechanism for self versus non-self
discrimination, protecting the cell from accidental activation of Cas10 when
CRISPR array is transcribed in the opposite direction (Kazlauskiene et al.,
2017, 2016; Molina et al., 2020; You et al., 2019).

The Cas10 activities are switched off in a timely manner when the bound
transcript is cleaved by the Csm3 subunits (Kazlauskiene et al., 2017, 2016;
Tamulaitis et al., 2014). Since each Csm3 subunit possesses RNase activity,
the transcript is cleaved at multiple positions in 6 nt intervals and the Csm2
subunits are important for coordinating the cleavage at multiple sites further
from Cas10 (Mogila et al., 2019; Tamulaitis et al., 2014). Interestingly, the
target RNA cleavage by the Csm3 subunits occurs within seconds, whereas
Cas10 activation lasts up to hours (Irmisch et al., 2024; Kazlauskiene et al.,
2017, 2016). Recently, it has been shown that this prolonged stimulation is
dependent on the release of the cleaved target ends (Irmisch et al., 2024). Since
DNase and synthase activities are thought to be switched on by the same
structural linker-loop motif in the Cas10 subunit, it is reasonable to speculate
that the retention of the cleaved target ends also stimulates cA, production
(You et al., 2019).

1.1.2.Production of signaling molecules

For the synthesis of signaling cA, molecules Cas10 utilizes a composite
active site formed by a pair of Palm domains (Palm1 and Palm2) (Goswami
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et al., 2024; Jia et al., 2019a; Kazlauskiene et al., 2017; Molina et al., 2020).
In vitro, most Cas10 synthesize a mixture of cA, species (Foster et al., 2020;
Grischow et al., 2021, 2019; Kazlauskiene et al., 2017; Nasef et al., 2019;
Rouillon et al., 2018). Each cA, species triggers unique downstream effectors,
and bioinformatic studies based on the abundance of associated specific
effectors revealed that the predominant cA, in type 111 CRISPR-Cas signaling
is CA4, with cAs and cAs being significantly less abundant (Hoikkala et al.,
2024). Structural studies of mainly cA4 producing Thermococcus onnurineus
Csm (ToCsm) complex and mainly cAs producing Lactococcus lactis Csm
(LICsm) provided mechanistic insights on cA, of various lengths production
by the Palm domains (Goswami et al., 2024; Jia et al., 2019a).

Each Palm domain has an adenosine binding pocket where the adenine
base is specifically recognized (Goswami et al., 2024; Jia et al., 2019a). ATP
situated at the cleft formed primarily by Palm1 (“acceptor” pocket) is called
acceptor ATP, whereas ATP at the cleft formed primarily by Palm2 (“donor”
pocket) is called donor ATP. The conserved GGDD motif protrudes from the
Palm2 domain and the aspartate coordinates the divalent metal ion and likely
activates the 3'-OH group of the acceptor ATP to initiate an in-line
nucleophilic attack on the a-phosphate of the donor ATP, forming a 3'-5'
phosphodiester bond (Goswami et al., 2024). The ATP moiety of the linear
di-adenylate with triphosphate at the 5’-end (pppA.) intermediate synthesized
in the first step, relocates to the Palm2 domain and occupies the “donor”
pocket, while a new ATP binds to the Palml domain, and the in-line
nucleophilic attack occurs again, resulting in the formation of pppAs
intermediate (Goswami et al., 2024; Jia et al., 2019a). This process is repeated
to generate linear pppAn of different lengths. Thus, unlike all conventional
nucleotide polymerases that catalyze nucleotide addition to the 3’ end of a
growing chain (Kimura et al., 2016), Cas10 catalyzes non-templated addition
of nucleotides to the 5’-end of the growing oligoadenylate chain.

The pppAn is then cyclized by the intramolecular attack on the a-phosphate
of the first ATP positioned in the “donor” pocket of the Palm2 domain by 3'-
OH of terminal AMP positioned in the “acceptor” pocket of Palm1 domain,
therefore both chain elongation and cyclization are performed by the same
active site and mechanism (Goswami et al., 2024; Jia et al., 2019a). Figure 1.4
depicts the schematic representation of cA, (n=2-4) synthesis by Palm
domains.

Compared to cAs-producing Casl0 variants, the Palm2 domain of cAs-
producing Casl0 contains an additional adenosine ring binding pocket
(Goswami et al., 2024). The presence of the third adenosine binding pocket
results in a different trajectory of the third adenosine in the pppA. chain,
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allowing the synthesis of longer pppAn chains. The 3’ proximal Ap units that
are not placed into the acceptor pocket or into additional adenosine binding
pocket (in case of cAs-producing Cas10) seem to form very few contacts with
the protein and are labile (Goswami et al., 2024; Jia et al., 2019a). The
mobility of 3’ proximal Ap units may result in the accidental placement of the
3’ terminal ATP into the Palml acceptor pocket, resulting in premature
cyclization. This would explain how a mixture of various ring sizes cA,
observed in many cases, is produced.
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Figure 1.4. Schematic representation of sequential synthesis of cAn by the Cas10
subunit of the Csm complex. The synthesis of cA, can be divided into pppAn chain
elongation and cyclization stages. First, one ATP (pppA) molecule is bound by the
“donor” pocket in Palm2 domain while the other ATP is positioned in the “acceptor”
cleft within Palml. The 3’-OH of the ATP bound by Palml is activated by the
aspartate from hallmark GGDD motif and initiates the nucleophilic attack on the a-
phosphate of ATP accommodated in the Palm2 domain, forming a pppA:
intermediate. The ATP moiety of the pppA. intermediate relocates to the “donor”
pocket in Palm2 domain and a new ATP molecule occupies Palml “acceptor” site.
Again, 3'-OH of the ATP bound by Palm1 performs nucleophilic attack on the a-
phosphate of ATP moiety of pppA: intermediate residing in the Palm2 forming the
second pppA; intermediate. By repeating these steps, the pppA. chain elongates.
However, each pppAn intermediated can occupy an alternative binding conformation
and position 3'-pA moiety into Palm1 “acceptor” pocket and 5'-pppA moiety into
Palm2 “donor” pocket. The resulting intramolecular nucleophilic attack results in
cyclization of pppA, producing cAn. ppi — inorganic phosphate. Based on (Goswami
et al., 2024; Jia et al., 2019a).
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Recently, a new type of signaling molecule produced by Cas10 has been
identified, shifting the paradigm that type 1ll CRISPR-Cas systems utilize
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only cAn molecules joined by 3'-5’ phosphodiester bonds. The Cas10 subunit
of type I111-B Cmr interference complex from Bacteroides fragilis synthesizes
the SAM-AMP signaling molecule by conjugating ATP to S-adenosyl
methionine (SAM) via a phosphodiester bond (Chi et al., 2023). The SAM-
AMP synthesis is also performed by the two Palm domains, but the ‘acceptor’
pocket in the Palml contains two additional negatively charged residues,
allowing the accommodation of SAM.

1.1.3. Activation of type 11l CRISPR-Cas accessory effectors

Type 11 CRISPR-Cas systems that produce signaling molecules encode
auxiliary effector proteins within their CRISPR loci (Figure 1.2). These
effector proteins typically consist of two key components: a sensory domain
responsible for recognizing cyclic oligoadenylate (CAy) signals and an effector
domain that mediates downstream functional activities. The effector domains
can be diverse, including nucleases (e.g., HEPN, PD-D/ExK, PIN domains),
adenosine deaminases, proteases, adenylyl cyclase-like CYTH domains,
potentially NAD*-degrading Toll/interleukin-1 receptor protein (TIR)
domains, nitrilases, or can contain transmembrane segments (Viakarova et al.,
2020a). Upon binding of cA, to the sensory domain, the effector domain is
activated to perform its dedicated function. The production of cA, by the
interference complex and the subsequent activation of auxiliary effectors has
been demonstrated to play a dominant role in type Il CRISPR-Cas immunity,
whereas the DNase activity of Cas10 confers phage immunity only at low
multiplicity of infection, and the RNase activity of the Csm3/Cmr4 subunits
serves more as a regulatory mechanism rather than an interference step (K. A.
Johnson et al., 2024).

For cA. binding, auxiliary effectors most commonly use the CRISPR-
associated Rossmann Fold (CARF) domain as a sensory domain. The CARF
domain dimer forms a composite cA, binding pocket, resulting in the dimeric
nature of CARF domain-containing proteins (Athukoralage and White, 2021;
Makarova et al., 2020a). In certain cases, auxiliary effectors use the SMODS-
associated and fused to various effector domains (SAVED) domain instead of
the CARF domain. The SAVED domain represents a highly divergent form
of two CARF domains fused into a single polypeptide chain (Athukoralage
and White, 2022; Lowey et al., 2020; Makarova et al., 2020a; Steens et al.,
2022).

Based on phylogenetic and domain architecture analysis, CARF domains
can be divided into 9 major (CARF1-9) and 13 minor (CARF m1-13) clades,
while SAVED domains fall into 7 clades (SAVED1-7) (Makarova et al.,
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2020a). All CARF groups, except for CARF6 and a few minor clades,
demonstrate a strong association with type 111-A/B/D CRISPR-Cas systems,
while only SAVED4, SAVEDS and SAVEDSG tend to associate with type 111
CRISPR-Cas systems. SAVED domain-containing effectors are more
common in the other nucleotide signaling system, CBASS, which is described
in detail in Chapter 1.2. However, some type Il CRISPR-Cas axillary
effectors do not have canonical CARF/SAVED sensory domains but instead
possess unique folds for signal molecule binding (Chi et al., 2023; Grischow
etal., 2024; Hoikkala et al., 2024; Lau et al., 2020; Mayo-Mufioz et al., 2022).
In this chapter, I will focus on the type 11l CRISPR-Cas ancillary effectors that
have been structurally and biochemically characterized and are briefly

summarized in Figure 1.5.
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Figure 1.5. Schematic representation of characterized type 111 CRISPR-Cas
ancillary effectors. Upon phage infection the Csm/Cmr interference complex binds
target transcript and produces signaling molecules. Most characterized ancillary
effectors recognize cA4 (Csx1/Csm6, Canl, Can2, Camil, Caml, Csx23 and Cadl).
Distinct family of Csm6 binds cAs. NucC and SAVED-CHAT recognize cAs
activator, while CorA binds a unique SAM-AMP second messenger. Activated
effectors can degrade nucleic acids (Csm6/Csx1, Canl, Can2, Camil, NucC), disrupt
membrane integrity (CorA, Caml, Csx23), modify nucleotides (Cadl) or target
specific proteins (SAVED-CHAT).
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Nucleolytic effectors

The most common architecture of the type Ill CRISPR-Cas-associated
effector proteins is an N-terminal sensory CARF domain fused to a C-terminal
higher eukaryotes and prokaryotes nucleotide-binding (HEPN) domain, often
they also contain the middle a-helical (‘6H” or HTH) domain (Makarova et
al., 2020a). Historically, these effectors are called Csm6 or Csx1 depending
on the associated subtype of type Il CRISPR-Cas system. Type III-A
associated CARF-HEPN have been named Csm6 and type I11-B and 1l1-D
associated were denoted Csx1 (Molina et al., 2020). The HEPN domain
possesses non-specific RNase activity, which is switched on upon cA, binding
to the sensory CARF domain (Kazlauskiene et al., 2017; Niewoehner et al.,
2017).

Since two CARF domains are required to form a composite cAn binding
pocket, Csm6/Csx1 proteins are dimers in solution, with an intriguing case of
Sulfolobus islandicus Csx1, which forms a larger oligomer, a trimer of
homodimers (Makarova et al., 2020a; Molina et al., 2019; Steens et al., 2022).
Csm6/Csx1 proteins form a phylogenetically and structurally diverse group
that is scattered among different CARF clades (CARF1, CARF2, CARF9)
proposed by (Makarova et al., 2020a). Csx1 proteins recognize cA4 as the
activator (Athukoralage et al., 2020a; Foster et al., 2020; Gruschow et al.,
2019; Han et al., 2018; Molina et al., 2019), while some Csm6 bind cA4 and
others cAs (Du et al.,, 2024; Grischow et al., 2019; Jia et al., 2019b;
Kazlauskiene et al., 2017; Niewoehner et al., 2017). Furthermore, the extent
of conformational changes required to activate the RNase activity of the
HEPN domain upon cA, binding also varies among Csm6/Csx1 proteins. For
example, cA4 binding to the CARF domain of Thermus thermophilus Csm6
induces significant conformational changes, including the reorganization of
the HEPN catalytic motif R-Xs.e-H, positioning it into a catalytically
competent conformation (Du et al., 2024). In contrast, upon cAs binding
Thermococcus onnurineus Csm6 exhibits minimal local conformational
changes (Jia et al., 2019b). cAg-binding Csm6 proteins confer a low level of
non-specific RNase activity even in the absence of an activating molecule,
therefore they are thought to exist in a dynamic conformational equilibrium
between active and inactive forms, and upon cAg binding, Csmé is stabilized
in the activated conformation, unleashing efficient non-specific RNase
activity of the HEPN domain (Foster et al., 2019; Kazlauskiene et al., 2017
Niewoehner et al., 2017; Steens et al., 2022). Activated HEPN domains of
Csmé6 cleaves ssRNA after purines (Foster et al., 2019; Kazlauskiene et al.,
2017), Pyrococcus furiosus Csx1 prefers adenosines (Sheppard et al., 2016),
while Sulfolobus islandicus Csx1 preferential cleavage site is in between two
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cytosine (Molina et al., 2019). In vivo, the non-selective RNase activity of
CAnr-activated Csm6/Csx1 proteins is thought to cause growth arrest in
infected cells (Rostal and Marraffini, 2019; Steens et al., 2022), however, a
recent study contradicts this view, suggesting that Csm6 predominantly
cleaves phage transcripts adjacent to the crRNA target site due to increased
local concentrations of diffusible cA, (K. A. Johnson et al., 2024).

A few other CARF-effectors capable of degrading nucleic acids upon cAs
binding have also been characterized. These include CRISPR ancillary
nuclease 1 (Canl) and Can2 (sometimes referred to as Cardl - cAs-activated
ssRNase and ssDNase 1) and CRISPR-Cas-associated mRNA interferase 1
(Camil) (McMahon et al., 2020; Mogila et al., 2023; Rostgl et al., 2021; Zhu
et al., 2021). Both Canl and Can2 effectors consist of a CARF domain fused
to a PD-D/ExK nuclease domain, but while Can2 proteins are dimers, Canl
contains two CARF domains in a single polypeptide chain and is therefore a
monomer (McMahon et al., 2020; Rostgl et al., 2021; Zhu et al., 2021). Upon
€A binding, Thermus thermophilus Canl triggers a conformational change
that restores the composite DNA cleavage site and in turn Can1 starts nicking
supercoiled dsDNA at random sites, presumably slowing viral replication
(McMahon et al., 2020). Can2 effectors target both nucleic acids, DNA and
RNA. Can2 from Treponema succinifaciens degrades ssSRNA and ssDNA and
thus causes growth arrest, presumably by introducing DNA lesions in both the
host and phage genomes (Rostal et al., 2021), while Can2 from Sulfobacillus
thermosulfidooxidans and Thioalkalivibrio sulfidiphilus have been shown to
degrade ssRNA and to progressively nick supercoiled dsDNA, providing the
immunity against phages but not causing toxicity to the host cell (Zhu et al.,
2021).

The Camil effector, composed of the CARF domain fused to the RelE
toxin-like module via a winged helix-turn-helix (wHTH), specifically targets
MRNA molecules that are being translated (Mogila et al., 2023). Upon cAs
binding to the CARF domain, the middle wHTH linker domain undergoes a
rotational motion that allows Camil to be captured by the ribosomal stalk
protein, positioning the RelE toxin-like domain into the ribosomal A site for
mRNA cleavage. The activation of Camil in E. coli cells interferes with
translation and causes cell dormancy.

Interestingly, the non-CARF nuclease effector NucC (nuclease, CD-NTase
associated), has also been found to be associated with type Il CRISPR-Cas
systems (Lau et al., 2020). Unlike the Csm6/Csx1, Canl-2, and Camil
nucleases, which use two CARF domains to form a composite cAn binding
site to recognize even-numbered cA, (CA4 and cAs), NucC lacks a well-
defined sensory domain and instead forms a trimer with a unique threefold
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symmetric pocket to recognize the odd-numbered cAs activator (Lau et al.,
2020). Activator binding induces the oligomerization of two trimers into an
active hexamer, triggering significant conformational changes and activating
potent DNase activity of the PD-D/ExK endonuclease-like domains. The
degradation of dsDNA leads to cell death, preventing phage propagation
within a bacterial culture (Lau et al., 2020; Mayo-Mufoz et al., 2022). NucC
homologs are more commonly found associated with CBASS, which utilize a
wide variety of nucleotide signals (see Chapter 1.2), suggesting the possibility
that the type 1l CRISPR-Cas systems developed the ability to synthesize cAs
and co-opted NucC (Stella and Marraffini, 2024).

Nucleotide modifying effector

Even though the most extensively studied group of type 11l CRISPR-Cas
auxiliary effectors are CARF-nucleases, CARF domain can be fused to
various other enzymatic effector domains (Makarova et al., 2020a). Recently
the first non-nuclease enzymatic CARF effector, a CRISPR-Cas-associated
adenosine deaminase (Cadl or CAAD), has been characterized (Baca et al.,
2024a; Li et al., 2025). Cadl forms a trimer of homodimers, in a way
resembling Sulfolobus islandicus Csx1 (Baca et al., 2024a; Li et al., 2025;
Molina et al., 2019). Interestingly, Cadl binds and can be activated by two
species of cAn. Both cA4 and cAg activate the adenosine deaminase activity of
the protein, initiating deamination of ATP, which leads to the growth arrest in
cells by depleting the nucleotide pool (Baca et al., 2024a; Li et al., 2025).
Surprisingly, the activation mechanism varies between two characterized
homologues. In apo-form Limisphaera ngatamarikiensis Cadl exists in
dynamic conformational equilibrium of the inactive and active states, with
inactive state being predominant. Upon cA4/cAs binding Cadl undergoes
dramatic conformational changes and is locked in the active state (Li et al.,
2025). However, the Cadl homologue from Bacteriodales bacterium
undergoes only minimal conformational changes upon activator binding
(Baca et al., 2024a).

Membrane disrupting effectors

CARF domains are found fused to non-enzymatic effector domains such
as transmembrane (TM) helixes (Hoikkala et al., 2024; Makarova et al.,
2020a). The protein of such architecture (N-terminal TM domain fused with
C-terminal CARF via a short linker) has been recently characterized and
termed cAs-activated membrane protein 1 (Cam1l) (Baca et al., 2024Db). It has
been predicted that upon cAs binding a tetrameric complex comprising two
separate CARF dimers and four N-terminal transmembrane o-helices
organizes into a pore causing membrane depolarization. Similarly, other type
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Il CRISPR-Cas associated effectors Csx23 and CorA that contain TM helices
have been shown to cause the disruption of membrane integrity (Chi et al.,
2023; Grischow et al., 2024). However, instead of the sensory CARF domain,
Csx23 uses a unique cytoplasmic C-terminal domain for cAs recognition,
while CorA utilizes soluble N-terminal domain to bind SAM-AMP signaling
molecule.

SAVED-effectors

As mentioned above, instead of the sensory CARF domain, some type |11
CRISPR-Cas auxiliary effectors may contain the SAVED domain as a cAn
sensor (Makarova et al., 2020a). Although at least three SAVED clades
(SAVED4, SAVEDS and SAVEDG6) demonstrate strong association with type
Il CRISPR-Cas systems, only a rare SAVED-CHAT (Caspase HetF
Associated with Tprs) protease fusion effector belonging to the SAVED?2
group has recently been characterized (Hoikkala et al., 2024; Makarova et al.,
2020a; Steens et al., 2024). Since the CARF-like subdomains of the SAVED
domain are not identical, SAVED-CHAT is able to form a deep binding
pocket for the twofold symmetry-deficient cAs activator (Steens et al., 2024).
Furthermore, upon activator binding SAVED-CHAT oligomerizes in head-to-
tail fashion, forming filaments and burying cAs; within the intrafilament
interface between two SAVED domains. This oligomerization allows the
CHAT-CHAT interdomain interactions that allosterically activate protease
activity. This activation through oligomerization is common for SAVED
domain containing proteins that are prominent in CBASS systems (see
Chapter 1.2.1). Activated SAVED-CHAT specifically cleaves and activates
another protease PCaspase (prokaryotic caspase), which in turn cleaves a
multitude of proteins (more on caspase-like proteases see Chapter 1.5) (Steens
etal., 2024). However, within the operon between the genes of SAVED-CHAT
and pCaspase, additional protein genes, which could be potential downstream
effectors or regulators, are encoded. Therefore, this SAVED-CHAT effector
seems to function as a part of a multi-component effector system, however the
full mechanism remains to be elucidated. Intriguingly, the existence of various
type 11l CRISPR-Cas-associated multi-component effectors that can function
as CRISPR-activated signaling cascades has also been suggested based on
bioinformatic works (Altae-Tran et al., 2023).

As is evident from the examples discussed, the most extensively studied
group of type Il CRISPR-Cas auxiliary effectors are nucleases, with
emerging studies on non-enzymatic and novel enzymatic effectors and
potential multicomponent signaling cascades. Although auxiliary effectors are
diverse, a few alternative activation mechanisms by cA, binding can be
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generalized: (i) cAn binding can induce dramatic global conformational
changes that alter the conformation of the effector domain, (ii) in some cases
only minimal conformational changes are sufficient to activate the effector
domain, in addition, (iii) activation by shifting the dynamic equilibrium
between inactive and active states toward the active state is employed by some
effectors, as well as (iv) activation by oligomerization. In general, this
highlights the universality of cA, signaling to activate highly diverse effectors
and trigger diverse physiological responses.

Intriguingly, it is relatively common for multiple auxiliary effectors to co-
occur in a single type Il CRISPR-Cas locus (Hoikkala et al., 2024). It is
hypothesized that co-occurrence of two or more effectors, each activated by
the same CcA, species, would provide broader defense by simultaneously
targeting different biomolecules. Even though most Cas10 in vitro produces a
variety of cA. species (Foster et al.,, 2020; Grischow et al., 2019;
Kazlauskiene et al., 2017; Nasef et al., 2019; Rouillon et al., 2018), co-
occurrence of effectors recognizing different cA, signals is very rare, with
only one known example where a cAs-binding NucC enzyme is encoded in
the same type Il CRISPR-Cas locus as the cAs-recognizing Csx23 effector
(Gruschow et al., 2024; Hoikkala et al., 2024).

Furthermore, bacteria can encode multiple CRISPR-Cas systems of the
same or different types (Kelleher et al., 2024; Pinilla-Redondo et al., 2022;
Xia et al., 2022). It is thought that multiple type Il CRISP-Cas systems
encoded in the same genome may share auxiliary effectors, since systems with
the intact Palm domains but lacking known effectors or credible effector
candidates tend to be found in genomes encoding multiple type 11l CRISPR-
Cas systems (Hoikkala et al., 2024). However, this inter-locus signaling is not
limited to the systems of the same type. Two thirds of Sulfolobales genomes
harbor a type Il system encoding cAn-producing machinery and a type |
system encoding cAn-activatable CRISPR Apern 3 (Csa3) family transcription
factors Csa3a and Csa3b (Xia et al., 2022). Csa3 are dimeric proteins with the
CARF-wHTH architecture and are involved in the regulation of the spacer
acquisition to the type I CRISPR array, as well as the regulation of
transcription of the type 111 CRISPR-Cas genes (Charbonneau et al., 2021; Xia
et al.,, 2022; Qing Ye et al., 2020). The regulatory functions of the Csa3
effectors are complex, but it highlights the crosstalk between type 111 and type
I CRISPR-Cas systems. Furthermore, the crosstalk between type 111 CRISPR-
Cas and CBASS seems theoretically possible, since the odd-numbered
activator-recognizing effectors such as NucC, SAVED-CHAT are found
associated with both CBASS and type 111-CRISPR Cas systems (Hoikkala et
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al., 2024; Lau et al., 2020; Steens et al., 2024), although a specific example of
this crosstalk remains to be documented.

1.2. CBASS

Cyclic oligonucleotide-based anti-phage signaling system (CBASS) is one
more example of antiviral defense systems that rely on nucleotide-based
secondary messengers. The core of the CBASS operons is composed of two
components: (i) cGAS/DncV-like nucleotidyltransferase (CD-NTase), which
senses phage infection and produces the signaling molecules, and (ii) the CD-
NTase associated proteins (Cap) effector, which recognizes the signal and
promotes the death of the infected cell (Lowey et al., 2020; Whiteley et al.,
2019). Based on the organization of the CBASS operons, CBASS are
classified into four types (Millman et al., 2020) (Figure 1.6 A). The type |
CBASS are compact two-gene systems that encode only the core elements,
CD-NTase and effector protein. Other CBASS types encode additional
accessory genes of the proposed regulatory proteins. The type 1l CBASS
encode ancillary genes with ubiquitin associated domains, the type 1l CBASS
harbor ancillary genes with HORMA (Hop1p, Rev7p and Mad2) and TRIP13
(thyroid hormone receptor 13) domains, while the ancillary proteins of type
IV have nucleotide-modifying domains.

A B
Cap
CD-NTase effector Accessory
T T L]
Type | —
Type ll =) E1)[JAB)
cap2 cap3
Type lll

cap6 cap8 cap7
Type IV [ ORuSOITET)O6E:
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Figure 1.6. Classification of CBASS. (A) All CBASS encode core elements, CD-
NTase and an effector protein. They are classified into four types. Type | CBASS
contains the core elements only, while other types encode accessory proteins. (B)
Clustering of CD-NTases into eight clades (A-H) based on sequence alignments.
Similar colored and lettered clades group CD-NTases that are 10% identical. Similar
color shades represent groups of CD-NTases that are 25% identical (\Whiteley et al.,
2019).

H* - HORMA

Intriguingly, CBASS systems are ancestors of the animal cyclic GMP-
AMP synthase-stimulator of interferon genes (CGAS-STING) signaling
pathway, which controls the cellular response to cytosolic dsDNA - a signal
of damaged of infected cell (Hobbs and Kranzusch, 2024; Slavik and
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Kranzusch, 2023). The cGAS enzyme recognizes and binds cytosolic dsDNA,
and this binding activates the enzyme to synthesize the nucleotide second
messenger 2'-5’, 3'-5' cyclic-GMP-AMP (2'3'-cGAMP), which is recognized
by the adaptor protein STING, in turn recruiting the kinase TBK1 (TANK-
binding kinase 1) and the transcription factors IRF3 (interferon regulatory
factor 3) and NF-kB (nuclear factor k-light-chain-enhancer of activated B
cells) to activate type | interferon expression, thereby initiating an immune
response (Ablasser and Chen, 2019). It is a clear parallel with bacterial
CBASS, where bacterial cGAS homologues CD-NTase produces cyclic di- or
trinucleotide secondary messengers to activate Cap effectors (Hobbs and
Kranzusch, 2024; Slavik and Kranzusch, 2023).

At the sequence level bacterial CD-NTases are quite diverse and can be
clustered into eight clades (A-H) (Figure 1.6 B) (Whiteley et al., 2019). To
conveniently denote the clade to which CD-NTase belongs, the shorter
abbreviation Cdn with clade identification A-H is commonly used, for
example, CD-NTase of the clade E is known as CdnE.

Bacterial CD-NTases can utilize a broad variety of nucleotides to produce
signaling molecules. They were found to produce 3'-5' linked (each 3'-5'
linkage is denoted as 3'): cyclic di-UMP (3'3'c-di-UMP), cyclic CMP-UMP
(3'3'c-CMP-UMP), cyclic UMP-AMP (3'3'c-UMP-AMP), cyclic UMP-GMP
(3'3'cUMP-GMP), cyclic di-AMP (3'3'c-di-AMP), cyclic GMP-AMP
(3'3'cGAMP), cyclic di-GMP (3'3'c-di-GMP), cyclic AMP-AMP-GMP
(3'3'3'cAAG), cyclic AMP-AMP-AMP (3'3'3'cAs or cAs) (Cohenetal., 2019;
Morehouse et al., 2022; Whiteley et al., 2019; Qiaozhen Ye et al., 2020).
Furthermore, some CD-NTases join nucleotides by 2’-5' linkage. For example,
the CdnD from Acinetobacter baumannii produces 2'-5', 3'-5', 3'-5’ cyclic
AMP-AMP-AMP (2'3'3'-cAAA) and CdnG from Asticcacaulis sp. produces
3-5', 2'-5' cGAMP (3'2'cGAMP) (Fatma et al., 2021; Lowey et al., 2020).
This is a striking difference from type Il CRISPR-Cas systems where 3'-5’
linked cyclic oligoadenylates are predominant signaling molecules (see
Chapter 1.1.2).

While in type Il CRISPR-Cas systems it is well defined that phage
infection is sensed by the binding of phage transcripts that are complementary
to crRNA (see Chapter 1.1), the activation of CD-NTase in CBASS remains
poorly understood. Based on the available data the activation mechanisms of
CD-NTases diverge into: (i) activation by direct binding of a specific phage
cue, or (ii) monitoring levels of key cellular metabolites to indirectly sense
phage infection (Figure 1.7).
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Figure 1.7. Activation of CD-NTases and the repertoire of signaling molecules
they produce. CD-NTases can sense viral cues, such as structured cabRNA or viral
peptides, by directly binding them or they can sense the infection indirectly by
monitoring the cellar levels of metabolites, such as folate, in the cytoplasm. However,
activators for the majority of CBASS remain unknown. CD-NTases of different
clades can produce various signaling molecules with nucleotides linked by 3’-5" (3")
or 2'-5' (2") phosphodiester bonds.

Examples of activation by direct binding are type I CBASS from
Staphylococcus schleiferi and type Il CBASS from Escherichia coli and
Pseudomonas aeruginosa. The CdnE of S. schleiferi utilize a positively
charged surface to bind a highly structured RNA, termed CBASS-activating
bacteriophage RNA (cabRNA), produced by staphylococcal phages ®80a-vir
and ®NM1y6 (Banh et al., 2023). This binding activates CdnE to synthesize
the 3'2'cGAMP secondary messenger. E. coli CdnC and P. aeruginosa CdnD
of type 11l CBASS are activated by the binding of the foreign peptide motif
(Qiaozhen Ye et al., 2020). However, the binding is not performed by these
CD-NTases directly, accessory HORMA domain-containing Cap7 protein
recognizes and binds the foreign peptide. The activating peptide-Cap7
complex then binds to the CD-NTase and activates it to produce cAs signaling
molecules. The unintended activation of CD-NTase by accidental binding of
Cap7 is regulated by Cap6 (a Tripl3-like ATPase) protein, which
disassembles unintended Cap7-CD-NTase complexes.

Another activation strategy is employed by Vibrio cholerae DncV, which
is thought to monitor the levels of a cellular metabolite, folate (Brenzinger et
al., 2024; Severin et al., 2023; Zhu et al., 2014). It is hypothesized that in
uninfected cells, folate-like molecules bind DncV and lock it in an inactive
state, whereas during phage infection, rapid viral genome replication depletes
folate, leading to dissociation of the DncV-folate complex and the activation
of DncV. However, an additional level of regulation is observed for Vibrio
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cholerae DncV, as it belongs to the type Il CBASS, which encodes the
accessory regulatory proteins Cap2 and Cap3. In a heterologous host a
ubiquitin transferase-like regulatory protein, Cap2, conjugates DncV to an
unidentified target molecule, which primes DncV for 3'3'-cGAMP synthesis
by an as yet unknown mechanism (Ledvina et al., 2023). Since priming is
independent of phage infection, a phage cue must be detected to fully activate
DncV and Cap3 may reverse it by sequence-specific proteolytic cleavage. In
other type Il CBASS from Bacillus species Cap2 conjugates CD-NTase to the
host protein PspA (phage shock protein A) locking CD-NTase in inactive
state, until Cap3 liberates it during phage infection, suggesting that Cap3 has
a more complex role than a negative regulation (Kriger et al., 2024).

1.2.1. Activation of Cap effectors
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Figure 1.8. Schematic representation of characterized CBASS ancillary
effectors. CD-NTase senses phage infection and produces signaling molecules.
Signaling molecule-activated effectors target DNA, metabolites or cell membrane
integrity causing cell death before phage can finish its replication cycle.

In CBASS systems the signal produced by CD-NTase is recognized by the
CD-NTase associated protein (Cap) effectors. Many Cap effectors have a
well-defined two domain, sensor-effector, architecture (Millman et al., 2020).
The sensor domain is responsible for cyclic-nucleotide messenger binding,
while the enzymatic or toxin-like effector domain executes cell death upon
activation. CD-NTases can produce various signaling molecules, therefore in
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no surprise the sensory domains of Cap effectors are diverse. Cap effectors
utilize evolutionary unrelated SAVED, STING or a novel B-barrel fold as
sensory domains (Duncan-Lowey et al., 2021; Lowey et al., 2020; Morehouse
et al., 2020). The most common sensory domain is SAVED - Cap proteins
with a SAVED domain are found in about one third of the CBASS operons
(Burroughs et al., 2015). However, some Cap effectors do not contain known
nucleotide-binding domains for second messenger recognition (Duncan-
Lowey et al., 2021), suggesting the existence of yet uncharacterized
recognition modules.

At the effector domain level, the most abundant effector domains are non-
enzymatic TM domains (encoded in >40% of CBASS operons), with
nucleases (encoded in >20% of CBASS operons) and phospholipases
(encoded in ~20% of CBASS operons) domains also being relatively abundant
(Duncan-Lowey et al., 2021). In this chapter, | will focus on structurally and
biochemically characterized Cap effectors, which are briefly summarized in
Figure 1.8.

SAVED domain containing effectors

The SAVED sensory domain is most commonly found fused to HNH
nuclease-like domains, PD-(D/E)XK endonuclease-like domains and TM
domains, with the effector domain prevalence of 50%, 26% and 20%,
respectively. In rare cases (~1-2%), SAVED is found fused to protease
(Caspase-like or metallopeptidase-like), TIR or calcineurin domain
(Burroughs et al., 2015; Lowey et al., 2020).

To date three CBASS effectors containing SAVED sensory domain have
been characterized. Two nuclease-SAVED fusion proteins, Cap4 ((PD-
D/ExK)-SAVED) and Cap5 (HNH-SAVED), and NAD* degrading TIR-
SAVED effector (Fatma et al., 2021; Hogrel et al., 2022; Lowey et al., 2020;
Rechkoblit et al., 2024). All these effectors bind two-fold symmetry lacking
activators. Cap4 homologues from Enterobacter cloacae and Acinetobacter
baumannii recognize the odd-numbered activators 3'3'3'‘CAAG and
2'3'3'cAAA respectively (Lowey et al., 2020). TIR-SAVED responds to cAs
(all 3'-5" linkages) and Cap5 effectors recognize cyclic dinucleotide
3'2'cGAMP (Fatma et al., 2021; Hogrel et al., 2022; Rechkoblit et al., 2024).
As the SAVED domain consists of two non-identical CARF-like subdomains
fused in a single polypeptide chain, the formed activator binding pocket allows
recognition of two-fold symmetry lacking molecules (Figure 1.9) (Lowey et
al., 2020; Rechkoblit et al., 2024).
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Figure 1.9. Binding of twofold symmetry-lacking activators by the SAVED
domain. (A) Comparison of CBASS Cap4 SAVED domain and type Il CRISPR-Cas
Csm6 CARF domain. Topology diagrams of the A. baumannii Cap4 SAVED domain
and the T. onnurineus Csm6 CARF domain are depicted. Each CARF-like subdomain
of SAVED (blue and gray) shares a common core CARF domain topology (darker
shades). Reproduced from (Lowey et al., 2020). (B) Schematic representation of the
top and side views of the odd-numbered activator, such as cAs, binding to the SAVED
domain. Non-identical CARF-like subdomains allow the formation of a binding
pocket lacking twofold symmetry (top view). Upon activator binding, the SAVED
domains stack in a head-to-tail fashion, burying the activator in the domain interface.

Furthermore, the binding of the activator triggers oligomerization of the
effector proteins (Figure 1.9 B). In the activator-bound structure,
Microbacterium ketosireducens TIR-SAVED forms ordered filaments with
CA;s activator sandwiched between the SAVED domains that are organized in
a head-to-tail fashion (Hogrel et al., 2022). Upon binding of signaling
molecules, Cap5 forms an activated tetramer (dimer-of-dimers), in which
pairs of SAVED domains are reorganized to stack together in a head-to-tail
fashion with activator locked between the “top” and “bottom” SAVED
domains (Fatma et al., 2021; Rechkoblit et al., 2024). Oligomerization is the
key aspect to unleashing the enzymatic activity of the effector domain. In the
TIR-SAVED effector, filament formation reconstitutes a composite active site
of the TIR, allowing it to cleave NAD* molecules to ADP ribose and
nicotinamide depleting cell’s resources of this crucial metabolite (Hogrel et
al., 2022). Similarly, activation by formation of higher oligomers is observed
for the Cap4 effectors (Lowey et al., 2020). In the case of Cap5, the head-to-
tail stacking of the SAVED domains triggers a dimer to tetramer transition,
bringing together two HNH domains and converting them to a catalytically
competent state (Rechkoblit et al., 2024). Activated nuclease-SAVED fusion
proteins indiscriminately cleave phage and host dsDNA, killing the cell before
phage replication can be finished (Fatma et al., 2021; Lowey et al., 2020;
Rechkoblit et al., 2024).
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STING domain containing effectors

The signal-sensing STING adaptor proteins are one of the key proteins in
the eukaryotic cGAs-STING signaling pathway (Ablasser and Chen, 2019).
The sensory STING domain containing Cap effectors are also found in
bacterial CBASS, although they are rare: found in < 5% of CBASS operons.
In these instances, STING domain is found fused with TIR or TM domain
(Morehouse et al., 2020). Only TIR-STING fusion effector has been
characterized (Ko et al., 2022; Morehouse et al., 2022, 2020). TIR-STING
employs a homodimeric V-shaped ligand binding pocket, structurally similar
to the eukaryotic counterparts, to recognize a two-fold symmetric 3'3'cGAMP
activator. Activator binding drives STING domain dimers to oligomerize into
long filaments establishing interactions between TIR domains that trigger
NADase activity (Morehouse et al., 2022). Similar to TIR-SAVED effector,
upon activation TIR-STING effector depletes NAD* molecules in turn killing
the infected cell.

Effectors with novel or unestablished nucleotide binding domains

Many CBASS operons encode effectors without a previously characterized
nucleotide-binding domain (Duncan-Lowey et al., 2021). For example, a cAs
activated PD-D/ExK-like nuclease NucC, which is found associated with both
CBASS and type Il CRISPR-Cas systems, lacks a well-defined sensory
domain, but utilizes a unique fold to bind the activator and induce the nuclease
activity through oligomerization (Lau et al., 2020) (see also Chapter 1.1.3).
Recently it has been discovered that B-barrel fold is capable of cyclic
nucleotide binding, and it acts as a sensory domain in the TM-(B-barrel) fusion
protein Capl15 (Duncan-Lowey et al., 2021). The Capl5 C-terminal B-barrel
domain contains a solvent-exposed pocket for activator binding at the top of
the B-barrel and two potential protein-protein interaction interfaces. Activator
binding triggers the formation of higher order Capl5 oligomers of
undetermined length. In vivo activation of Cap15 results in the collapse of the
inner membrane of the cell in turn killing the cell. Based on the nature of
Capl15 TM segments it is more likely that Capl5 causes membrane disruption
through formation of raft-like assemblies, than through formation of cell
membrane piercing pores.

Some type 11 CBASS contain a CapV (cGAMP-activated phospholipase in
Vibrio) effector, which possesses a phospholipase activity upon activation by
3'3'cGAMP (Cohen et al., 2019; Severin et al., 2018). Upon activations CapV
has been shown to degrade membrane phospholipids, triggering the cell death.
However, at the sequence level no defined nucleotide binding domain was
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identified and studies of CapV effectors lack structural data, therefore the
exact activation mechanism remains unknown.

The activation of the CBASS effector Capl7, which contains a predicted
cyclic nucleotide-binding domain annotated as Pfam PF18178, also remains
to be elucidated, as a recent study on this effector lacks structural data
(Rousset et al., 2023). Capl7 contains a C-terminal domain of the purine
nucleoside phosphorylase family which upon activation acts as an ATP
nucleosidase, degrading ATP and dATP to block phage replication (Rousset
et al., 2023).

As can be seen from the examples discussed, most CBASS effectors target
essential cellular elements such as DNA, the cell membrane, or an important
metabolite, NAD* or ATP and dATP, to kill the cell and thus stop phage
replication (Figure 1.8). CBASS effectors appear to be modular systems that
allow different combinations of sensor and effector domains. Despite this
variability, the activation mechanism is uniform — signaling molecule binding
induced oligomerization.

1.3. Other defense systems with nucleotide-based signaling pathway
1.3.1. Pycsar

Around 2.4% of sequenced bacteria encode the pyrimidine cyclase system
for antiphage resistance (Pycsar) antiviral defense system which is composed
of two genes, one encoding the pyrimidine cyclase PycC and the other
encoding either TM domain-containing immune effector PycTM or TIR
domain-containing immune effector PycTIR (Tal et al., 2021). Upon phage
infection PycC is activated to synthesize signaling molecules cyclic nucleotide
monophosphates. Based on sequence similarities PycC forms five (A-E)
major clades and PycC from clades A-D synthesizes 3',5'-cyclic uridine
monophosphate (cCUMP), while PycC belonging to clade E synthesizes 3',5'-
cyclic cytidine monophosphate (cCCMP) secondary messenger (Figure 1.10).

The immune effector PycTM is commonly found encoded next to the
cCMP-producing PycC and when activated PycTM causes abnormal
membrane protrusions that lead to the cell death (Figure 1.10) (Tal et al.,
2021). The PycTIR effectors associate with the cUMP producing PycC and
upon activation cause cell death by depleting NAD* (Figure 1.10). Similar to
TIR domain containing CBASS effectors, TIR-SAVED and TIR-STING,
activated PycTIR also forms filamentous structures, highlighting the common
mechanism to activate TIR-domain effectors (Hogrel et al., 2022; Morehouse
etal., 2022; Tal et al., 2021).

37



® oCTP PycTM

° .. rgembrane
isruption
] cCMP
viral capsid & e [- J
protein o
/——7——\ (clade E) J
unknown ® 4 UTP ‘
viral cues ° .‘ /—‘
O P
& a9 ¢
O . np PycTIR
(clades A, B, C,D) NAD" depletion /

Figure 1.10. Schematic representation of Pycsar immunity. The pyrimidine
cyclase PycC senses viral infection and starts to synthesize cyclic nucleotide
monophosphates. PycC belonging to the clade E synthesizes cCMP from CTP
molecules. Then cMP activates PycTM effector, which disrupts the membrane
integrity. PycC of the clades A-D produces cUMP signal, which activates PycTIR
effector. Upon cUMP binding PycTIR forms activated filaments and degrades cellular
NAD* recourse.

The cyclase, PycC, is thought to respond to a molecular cue, possibly a
viral capsid protein, that is produced at a late stage of viral replication (Tal et
al., 2021). It has been suggested that abortive infection-inducing host defense
pathways, such as Pycsar, are reserved as a last resort response and are
activated only in the final stages of phage replication, i.e., during capsid
assembly stage (Hobbs and Kranzusch, 2024).

1.3.2. Thoeris

Similar to other nucleotide signaling based antiviral systems, the two core
elements of the Thoeris defense system are (i) an infection sensing and signal-
producing protein and (ii) an effector protein (Hobbs and Kranzusch, 2024).
Thoeris systems are classified into four types (I - 1V) (Doron et al., 2018; Ofir
et al., 2021; Rousset et al., 2025; Sabonis et al., 2024; van den Berg et al.,
2024) (Figure 1.11 A). All types encode at least one TIR domain-containing
protein, ThsB, which, in a striking contrast to the TIR domain-containing
proteins of the CBASS and Pycsar systems, is not an NAD*-degrading
effector, but rather a signal-producing protein (Hogrel et al., 2022; Leavitt et
al., 2022; Manik et al., 2022; Morehouse et al., 2022; Ofir et al., 2021; Tal et
al., 2021; Tamulaitiene et al., 2024). In type 111 Thoeris, the core ThsB protein
additionally contains the nuclease-like domain NucS (van den Berg et al.,
2024).

During phage infection, ThsB recognizes a viral cue and utilizes its TIR
domain to synthesize signaling molecules from NAD* substrate (Figure 1.11
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B). ThsB of type | Thoeris systems produces a cyclic ADP-ribose isomer
containing a 1"”-3' ribose-ribose linkage (1"-3" gcADPR) (Leavitt et al., 2022;
Manik et al., 2022; Ofir et al., 2021; Tamulaitiene et al., 2024), type IV
Thoeris relies on ADP-ribose isomer containing 1”-N7 ribose-adenine bond
(N7-cADPR) signaling (Rousset et al., 2025), while ThsB of type Il Thoeris
conjugates NAD* and histidine forming His-ADPR signaling molecule
(Sabonis et al., 2024).
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Figure 1.11. Overview of the mechanisms of Thoeris immunity. Schematic
representation of type I-IV Thoeris operons (left) and the mechanisms of
characterized type I, Il and IV Thoeris immune signaling (right). Upon phage
infection TIR domain-containing protein ThsB recognizes yet unidentified viral cues
and synthesizes signaling molecules. The type I ThsB produces 1”-3'gcADPR signal,
type Il ThsB synthesize His-ADPR molecules, while type IV produces N7-cADPR.
The recognition of the cognate signaling molecule triggers NADase activity of ThsA
in type | systems and protease activity of the Caspase-like effector of type 1V Thoeris.
In type Il Thoeris His-ADPR-activated ThsA kills the cell, possibly by membrane
disruption.

Produced signaling molecules are further recognized by the effector
proteins to trigger their activity (Figure 1.11 B). The nucleotide-binding
Smf/DprA-LOG (SLOG) domain of type I ThsA recognizes and binds 13’
gcADPR, triggering signaling molecule-induced oligomerization and
conformational changes that reposition the active site residues of the sirtuin
(SIR2) domain, which rapidly degrades NAD™ (Leavitt et al., 2022; Ofir et al.,
2021; Tamulaitiene et al., 2024). Type Il ThsA utilizes nucleotide binding
Macro domain for His-ADPR signal recognition (Sabonis et al., 2024). Since
type 1l ThsA contains TM domains, it is likely that upon His-ADPR binding
ThsA causes cell death through inner membrane disruption. While type I11
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Thoeris remains to be characterized, the type IV Thoeris functions by
activating a promiscuous caspase-like protease that, when activated, cleaves
several essential proteins in E. coli, such as the ribosomal protein RplE and
the elongation factor Tu (EF-Tu) (Rousset et al., 2025).

Thus, the Thoeris defense system produces diverse signaling molecules
and utilizes a variety of effector modules.

1.4. Disruption of nucleotide-based signaling

On average, bacteria encode six antiphage defense systems per genome
(Tesson et al., 2022). These systems may be activated by different phages or
may function as multiple lines of defense against the same phage at different
stages of infection (Tesson and Bernheim, 2023). CBASS, Thoeris, and
Pycsar are thought to act as a second line of defense during late stages of
infection by activating effector proteins that target essential cell components
and in turn killing the infected cell to provide population-level protection
(Hobbs and Kranzusch, 2024). However, it is in the interest of the host to limit
the activation of effector proteins to avoid excessive toxicity and to recover
after infection is cleared (Stella and Marraffini, 2024). In type Il CRISPR-
Cas systems, this is achieved by regulating the production and the lifetime of
signaling molecules through target RNA cleavage and degradation of
signaling molecules, respectively (Athukoralage and White, 2022, 2021;
Stella and Marraffini, 2024). However, for other nucleotide signaling based
defense systems, no specific signal degrading enzymes encoded by the host
bacteria are known.

From a phage perspective, interfering with immune signaling is an
excellent strategy for evading antiviral defenses. Not surprisingly, phage-
encoded anti-defense proteins targeting signaling molecules have been
discovered to overcome the immunity of all characterized bacterial
nucleotide-based signaling systems (Murtazalieva et al., 2024). In this chapter,
I will discuss the regulation of signaling in type Il CRISPR-Cas and will
review anti-defense proteins that specifically target signaling molecules of the
type 11l CRISPR-Cas, Pycsar, CBASS, and Thoeris systems.

1.4.1. Switching off the type Il CRISPR-Cas signaling

In type Il CRISPR-Cas systems cA, signaling is first controlled at the
synthesis level - cA, production is halted once the target RNA is cleaved by
the interference Csm/Cmr complex (Figure 1.12) (Gruschow et al., 2019;
Kazlauskiene et al., 2017; Nasef et al., 2019; Rouillon et al., 2018). Signaling
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molecules can be further cleared in a timely manner by dedicated CRISPR
ring-nucleases (Crn), or in some cases by the effector itself using its sensory
CARF domain, which possesses a ring-nuclease activity (Athukoralage and
White, 2022, 2021; Patel et al., 2022). Since cA4 molecules seem to be the
most common second messengers in type Il CRISPR-Cas signaling
(Hoikkala et al., 2024), to no surprise cAs-cleaving Crn and self-limiting
CARF effectors have been extensively characterized. Three Crn families
(Crn1-3) of CARF and CARF-unrelated folds and self-limiting CARF-
effectors belonging to different CARF clades have been structurally and
biochemically characterized (Figure 1.12) (Athukoralage et al., 2020b, 2020c,
2019, 2018; Du et al., 2024; Jia et al., 2019b; Li et al., 2025; Makarova et al.,
2020a; Mogila et al., 2023; Samolygo et al., 2020).
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Figure 1.12. Overview of cA4 signaling termination in type 11l CRISPR-Cas
systems. Production of cA4 by the Cas10 Palm domains is switched off following the
target transcript cleavage by the interference complex (red triangles). Specialized cAs-
specific ring nucleases Crnl, Crn2, and Crn3 terminates signaling by cAs cleavage.
Furthermore, CARF domain of some characterized CARF effectors (Camil, TtCsmé,
ToCsml, LnCadl) possess ring nuclease activity. Ring nuclease reaction scheme is
indicated for each enzyme family. A;>p - linear di-adenylates with 2',3'-cyclic
phosphate; Azp - linear di-adenylates with 3'- phosphate.

CRISPR ring-nuclease 1 (Crnl)

Minimal dimeric CARF domain proteins of the CARF7 or CARF_m13
clades that specifically catalyze the cA4 cleavage into linear di-adenylates with
2',3'-cyclic phosphate (A>>p) in a metal-independent process have been
named CRISPR ring-nuclease 1 (Crnl) (Athukoralage et al., 2018; Du et al.,
2023; Molinaetal., 2022, 2021). Crnl proteins do not contain a fused effector
domain and instead are fused only to a short wHTH domain or contain a short
C-terminal (Ct) insertion (Du et al., 2023; Makarova et al., 2020a; Molina et
al., 2022, 2021). Extensive structural studies of the Sulfolobus islandicus Crnl
proteins Sis0811 and Sis0455 of CARF-wHTH and CARF-Ct architectures,
respectively, revealed that both Crnl undergo drastic conformational changes
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upon cAq binding (Molinaetal., 2022, 2021). Substrate binding to the Sis0811
triggers a cork-screw motion of wHTH, which in turn alters the conformation
of the CARF domains and positions key catalytic residues to proceed with cAs
cleavage (Figure 1.13 A) (Molina et al., 2021). Upon cAs binding, two
monomers of Sis0455 undergo a jaw-like motion that traps the substrate in the

catalytic pocket with Ct inserts forming the closure (Figure 1.13 B) (Molina
etal., 2022).

Sis0811
apo state
Sis0455
apo state

Sis0455

Sis0811
post-cleavge state
cA4-bound state

Figure 1.13. Architectures of Crnl (A) Structure of Sis0811 - a Crnl of CARF-
WHTH architecture, in apo (PDB ID: 7PQ2) and post-cleavage (PDB ID: 7PQ3) states
(Molina et al., 2021). (B) Structure of Sis0455 - a Crnl of CARF-Ct insertion
architecture, in apo (PDB ID: 7Z56) and cAs-bound (PDB ID: 7Z55) states (Molina
et al., 2022). CARF domains are colored shades of purple, wHTH — shades of

burgundy, cAs is shown as green spheres. Arrows indicate movement upon cAs
binding.

Each CARF domain of Crnl has two conserved catalytic motifs (motif-I
(XGTS) and motif-11 (TxGxK)) that are involved in ring nuclease activity
(Figure 1.14) (Makarova et al., 2020a). The motif-I residues are involved in
the coordination of the scissile phosphate and sterically positioning the ribose
2'-OH group of the ribose for the inline nucleophilic attack and later
stabilizing the 2'-3'cyclic phosphate, while the lysine from motif-1l is
responsible for the initial substrate binding and for stabilization the
pentacovalent phosphorus formed in the transition state (Du et al., 2023;
Molina et al., 2022, 2021).

Although both CARF domains of dimeric Crnl are identical and contribute
the identical residues to form a composite active site for cAs cleavage, the
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cleavage reactions occur in non-concerted manner - some linear tetra-
adenylate with cyclic-2'3’ phosphate (As>p) intermediate is observed in the
reactions (Athukoralage et al., 2018; Du et al., 2023; Molina et al., 2022).
Moreover, Crnl enzymes of different architectures are found encoded by the
same host and appear to have different affinities for cA4 and different cAs
degradation rates (Molina et al., 2022), which may reflect the regulatory needs
of a given type Ill CRISPR system (Athukoralage and White, 2021).

Self-limiting CARF-effectors

Some CARF domains that are fused to effector domains have been found
to possess metal independent cAs-specific ring nuclease activity similar to
Crnl proteins (Athukoralage et al., 2019; Du et al., 2024; Jia et al., 2019b; Li
et al., 2025; Mogila et al., 2023). In this case degradation of the activating
molecule would provide a "timer" mechanism allowing a timely deactivation
of the effector. CARF-effectors belonging to different CARF clades have been
demonstrated to possess ring nuclease activity: Csmé proteins of CARF1 and
CARF9 groups (Athukoralage et al., 2019; Du et al., 2024; Jia et al., 2019b;
Makarova et al., 2020a), Cadl of CARF5 clade (Li et al., 2025; Makarova et
al., 2020a) and Camil of CARF7 group (Makarova et al., 2020a; Mogila et
al., 2023).

Since Camil (CARF-wHTH-RelE) belongs to the same CARF7 group as
Crnl of the CARF-wHTH architecture, it is not surprising that Camil utilizes
the same cAy-specific cleavage mechanism (Athukoralage et al., 2018; Mogila
et al., 2023; Molina et al., 2021). The Cad1l proteins belong to the CARF5
clade and possess similar ring nuclease active site motifs as the CARF7 and
CARF_m13 groups, however, only a homolog of Cadl from Limisphaera
ngatamarikiensis has been shown to be capable of cA4 cleavage (Figure 1.14)
(Baca et al., 20243; Li et al., 2025; Makarova et al., 2020a). In the case of
Csme, at least two signature variants of catalytic motifs can be associated with
ring nuclease activity (Figure 1.14) (Makarova et al., 2020a). Thermus
thermophilus Csm6, which belong to the CARFL1 clade, contain catalytic
motifs, that are similar to CARF7, CARF5 and CARF_m13 groups
(Athukoralage et al., 2019; Du et al., 2024; Makarova et al., 2020a). Contrary
Thermococcus onnurineus Csm6, which belong to the CARF9 clade, contains
significantly different motif-I and motif-11 and requires the conserved W14,
which coordinates and locks the scissile phosphate in a conformation
compatible with in-line attack by ribose 2"-OH, for cA4 cleavage (Figure 1.14)
(Jiaetal., 2019b; Makarova et al., 2020a). Interestingly, T. onnurineus Csm6
crystalizes with cA4 bound by both domains CARF and HEPN, suggesting
that nonspecific HEPN RNase activity could also be involved in cA4 cleavage
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(Jia et al., 2019b). In accordance, other nonspecific RNase, membrane-
associated DHH-DHHA1 family nuclease (MAD), has been demonstrated to
be capable of cA4 degradation (Zhao et al., 2020).

Motif-I Motif-Il
*

CARF1
Csm6

CARF5
Cad1

CARF7
Cami1, Crn1

CARF_m13
Crn1

Figure 1.14. Ring nuclease motifs of CARF domains. Conserved ring nuclease
motifs of CARF1, CARF5, CARF7, CARF9 and CARF _m13 group proteins,
reproduced from (Makarova et al., 2020a). Stars indicate catalytic residues.

Interestingly, to this date only effectors targeting transient molecules such
as RNA and ATP have been observed to possess ring nuclease activity
(Athukoralage et al., 2019; Du et al., 2024; Jia et al., 2019b; Li et al., 2025;
Mogila et al., 2023). CARF domains of cAs-activatable effectors targeting
DNA (Canl and Can2), or membrane (Cam1) do not possess this regulatory
mechanism (Baca et al., 2024b; McMahon et al., 2020; Rostgl et al., 2021;
Zhu et al., 2021). Moreover, the importance of ring nuclease activity for cell
survival has been illustrated in Camilsystems, where mutations impairing ring
nuclease activity caused elevated cell toxicity (Mogila et al., 2023),
highlighting the need to control activation of CARF-effectors for cells to
recover.

Crn2

Unlike Crnl and self-limiting CARF-effectors, Crn2 uses the CARF-
unrelated DUF1874 fold for cAs binding and cleavage (Athukoralage et al.,
2020b; Samolygo et al., 2020). Although Crn2 homologs were first identified
as phage-encoded anti-CRISPR protein neutralizing type Il CRISPR-Cas
immunity (Acrlll-1), standalone Crn2 is also found in bacterial genomes
associated with type 11l CRISPR-Cas systems, moreover, Crn2 can also be
fused to ring nuclease-deficient Csx1 effectors (Athukoralage et al., 2020b;
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Samolygo et al., 2020; Zhang et al., 2024). The only characterized homologue
of a standalone Crn2 is the viral Acrlll-1 (Athukoralage et al., 2020b) (Chapter
1.4.2), in bacteria only the Csx1-Crn2 fusion protein have been characterized
structurally and biochemically (Samolygo et al., 2020; Zhang et al., 2024).
Csx1-Crn2 from Marinitoga piezophile consists of the C-terminal Crn2
domain and the N-terminal Csx1-like domain, which is further subdivided into
CARF, HTH and HEPN domains (Samolygo et al., 2020; Zhang et al., 2024).
Csx1-Crn2 adopts a tetrameric (dimer-of-dimer) structure: the two monomers
associate to form a dimer through the Csx1 domains, and two such dimers
further dimerize through the Crn2 domains (Zhang et al., 2024). Each Crn2
dimer adopts a basket-like shape and the binding of cAs triggers significant
local conformational changes: the mobile loops completely enclose the cAs
molecule within the catalytic pocket, allowing a conserved glutamate E536
from the mobile loop to coordinate the imidazole side chain of the catalytic
H495 residue, which may act as a general acid, facilitating in-line attack of
the 2'-OH (Zhang et al., 2024).

Crn3 (Csx3)

Figure 1.15. Formation of a composite active site by Crn3. (A) The main active
site residues (yellow spheres) are located on opposite sides of the Crn3 dimer (PDB
ID: 6YUD). Each protein in the dimers is colored different shades of burgundy. (B)
Schematic representation of the reconstitution of a composite active site at the
interface of two dimers. Active site residues are depicted as yellow stars and indicated.

Crn3 (also known as Csx3) is the only divalent metal ions-dependent cAs-
specific ring nuclease characterized to date (Athukoralage et al., 2020c;
Brown et al., 2020). Crn3 is a sulphate transporter and anti-sigma factor
antagonist (STAS) protein that forms dimers in solution that are somewhat
similar to CARF (Kaur et al., 2020; Makarova et al., 2020a). The critical
catalytic residues (H60 or D69) are located on opposite sides of the Crn3
dimer (Figure 1.15 A), therefore upon cA4 binding, a composite ring nuclease
active site must be formed by stacking Crn3 dimers head-to-tail (Figure 1.15
B) (Athukoralage et al., 2020c). This stacking potentially leads to filament
formation. Itis thought that conserved H60 are involved in Mn?* coordination,
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and a metal-activated hydroxyl ion initiates nucleophilic attack on the
phosphodiester bond, therefore the primary product of cAs cleavage is Azp
rather than A;>p (Athukoralage et al., 2020c).

Other enzymes in degradation of signaling molecules

The potential regulation of SAM-AMP signaling has been also described
(Chi et al., 2023). Type Il CRISPR-Cas systems encoding CorA effector,
which has been demonstrated to recognize SAM-AMP signaling and form
channel-like pores in cell membrane (Chapter 1.1.3), also encode the DHH
family phosphodiesterase - nuclease NrN or a DEDD family nuclease (Chi et
al., 2023). The B. fragilis NrN protein has been shown to specifically degrade
SAM-AMP (Chi et al., 2023). It is possible that specialized NrN and DEDD
family phosphodiesterases are an ‘off switch’, analogous to the ring nucleases
that degrade cAs molecules. However, the obligatory associated effector CorA
requires the presence of NrN to function in vivo (Chi et al., 2023), suggesting
that specialized NrN and DEDD family phosphodiesterases are required to
prevent desensitization of the CorA channel at high activator concentrations
(Chi et al., 2023; Velisetty and Chakrapani, 2012). Therefore, signal-
degrading enzymes may have a more subtle regulatory function than simply
turning off the signal.

1.4.2. Anti-defense proteins

As bacteria encode many different antiviral defense mechanisms, phages
have also evolved to evade bacterial defense systems. To do this, phages
encode different anti-defense proteins that target specific defense systems
(Murtazalieva et al., 2024). In nucleotide-based signaling systems, signaling
molecules appear to be a particularly vulnerable part. Phages have evolved
proteins that can degrade or sequester second messengers, thereby
undermining the immunity of defense systems that rely on nucleotide-based
signaling (Athukoralage et al., 2020b; Cao et al., 2024; Hobbs et al., 2022;
Huiting et al., 2023; Jenson et al., 2023; Leavitt et al., 2022; Yirmiya et al.,
2024) (Figure 1.16).

Signal-cleaving anti-defense proteins

Reducing the effective concentration of signaling molecules generally
disrupts the signal. For example, the viral Crn2 homolog, an anti-CRISPR
protein neutralizing type 111 CRISPR-Cas immunity (Acrlll-1), is an efficient
cAs-specific ring nuclease that cleaves cAs ~100 times faster than canonical
Crnl, allowing the phage to subvert type Il CRISPR-Cas immunity
(Athukoralage et al., 2020b). Accordingly, the phage-encoded protein of the
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compact 2H-phosphoesterase family, known as anti-CBASS 1 (Acb1l) protein,
degrades at least one adenosine-containing signaling molecules and subverts
CBASS immunity (Hobbs et al., 2022). Acbl captures the substrate in a U-
shaped ligand binding pocket and locks it in by a flexible C-terminal lid. This
distorts the molecule and positions the scissile phosphate over an active site
HXT/HXT tetrad for acid-base catalysis. The cleavage reaction results in a
linear product with 5'-OH and 3'-phosphate (Hobbs et al., 2022).
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Figure 1.16. Overview of phage anti-defense strategies to evade nucleotide-
centric immune systems. When a cell is infected by a phage lacking anti-defense
protein, the signaling molecules generated by nucleotide-centric defense system
activates associated effectors triggering cell dormancy or abortive infection. When a
cell is infected by a phage that encodes protein that can degrade (Acrlll-1, Acbl and
Apycl) or sequester (Acb2, Tadl, Tad2) signaling molecules, associated effectors are
not triggered, cell do not undergo premature cell death and phage successfully finishes
its replication cycle.

To evade Pycsar immunity phages utilize a homomeric -lactamase (MBL)
fold phosphodiesterase, an anti-Pycsar 1 (Apycl) proteins with a highly
conserved HxHxDH catalytic motif (Hobbs et al., 2022). The Zn?*-dependent
Apycl protein cleaves cUMP and cCMP to UMP and CMP with 5’-phosphate.
Intriguingly, Apycl homologs are found encoded in bacteria, raising the
possibility that host Apycl enzymes may play a role in regulating Pycsar
defense (Hobbs et al., 2022).

Signal-sequestering anti-defense proteins

A different strategy to reduce the effective concentration of signaling
molecules is utilized by a widespread Ach2 proteins and Thoeris anti-defense
proteins Tadl and Tad2. These proteins functions as molecular “sponges”
sequestering immune signals and preventing the activation of corresponding
effector proteins (Cao et al., 2024; Huiting et al., 2023; Jenson et al., 2023;
Leavittetal., 2022; Yirmiya et al., 2024). Acb2 forms hexametric complexes,
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that can bind up to three cyclic di nucleotide signaling molecules (Cao et al.,
2024; Huiting et al., 2023; Jenson et al., 2023). Interestingly, many Ach2
homologs have an additional binding surface that can accommodate cyclic
trinucleotides. Therefore this "sponging" mechanism can antagonize the cAs
based type 111 CRISPR-Cas signaling (Cao et al., 2024).

Tadl are homodimers forming two ligand-binding pockets at the top and
bottom ends of the Tad1 complex and has been demonstrated to bind multiple
isoforms of gcADPR, 1”"-2" gcADPR and 1"-3" gcADPR (Leaviit et al.,
2022), while Tad2 forms a homotetrameric assembly with two ligand-binding
pockets to enclose 1"-3" gcADPR (Yirmiya et al., 2024). Furthermore, some
Tad2 homologs can sequester the signaling molecules, His-ADPR, of type 1l
Thoeris systems (Sabonis et al., 2024).

1.5. Signal transduction by proteases
1.5.1. Proteases in antiviral defense systems

Nucleotide-based signaling is not the only means of transmitting the signal
from the infection sensor to the effector of the antiviral defense system. Some
defense systems, such as bacterial gasdermins (bGSDMs) and type IlI-E
CRISPR-Cas systems, utilize proteolytic cleavage to activate downstream
effectors (Johnson et al., 2022; Yang and Patel, 2022). In addition, other
antiviral defense systems, such as Borvo, PD-A-2 systems and some homologs
of Lamasu and antiviral STAND (Avs), are known to encode proteases or
protease-like domains (Gao et al., 2022; Millman et al., 2022; Vassallo et al.,
2022). However, the defense mechanisms of these systems remain to be
elucidated.

To date, only bacterial antiviral defense systems containing caspase-like
proteases have been more thoroughly characterized (Johnson et al., 2022;
Rousset et al., 2025; Steens et al., 2024; Yang and Patel, 2022). Prokaryotic
caspase-like proteins (sometimes referred to as orthocaspases or
metacaspases) are classified in the MEROPS peptidase database as belonging
to CD clan C14 along with metazoan caspases (Rawlings et al., 2018). In
animals, caspases are known to play a central role in innate immunity by
forming large multiprotein complexes called inflammasomes, sensing
pathogen-associated molecular patterns or danger-associated molecular
patterns, and activating proteolytic activity to cleave their substrates such as
the pro-inflammatory cytokines pro-IL-1p and pro-IL-18 or gasdermin D to
induce pyroptotic cell death (Van Opdenbosch and Lamkanfi, 2019).
Furthermore, caspases are responsible for programmed cell death, known as
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apoptosis. These caspases are functionally subdivided into initiator and
executioner caspases (Julien and Wells, 2017; Zhuang et al., 2022). During
apoptosis the initiatory caspases undergo proximity-induced autoactivation
and then can activate executioner caspases by cleaving the corresponding
zymogens. Activated executioner caspases can cleave several hundred
substrates, leading to the characteristic morphological changes of apoptosis
(Julien and Wells, 2017).

Parallels to proteolytic activities of caspases in animal innate immunity and
programmed cell death can be found in characterized bacterial antiviral
defense systems. Similarly to inflammatory caspases, prokaryotic caspase-like
proteins transduce the signal to the effectors in bGSDM and type IlI-E
CRISPR-Cas systems (Johnson et al., 2022; Yang and Patel, 2022). Caspase-
like proteases that act as executioners can be found in signaling molecule-
activated proteolytic effectors of type IV Thoeris and type 111-B CRISPR-Cas
(Rousset et al., 2025; Steens et al., 2024) (see also Chapters 1.1.3 and 1.3.2).

Bacterial gasdermin (bGSDM) systems

Prokaryotes encode an antiviral defense system known as bacterial
gasdermins (bGSDM), which is an analog of pyroptotic cell death inducing
eukaryotic gasdermins and works by inducing cell death through the formation
of membrane disrupting pores (Johnson et al., 2022). The bGSDM systems
consist of two genes, one encoding the bGSDM protein and another encoding
protease domain containing protein. Upon phage infection, the protease
component is activated, and it specifically cleaves bGSDM, removing the
inhibitory C-terminal fragment, allowing bGSDM to undergo conformational
changes and oligomerize in the membrane to form pores (A. G. Johnson et al.,
2024; Johnson et al., 2022). The pore-pierced membrane loses its integrity and
the cell dies before phage is able to finish its replication cycle.

Even though the molecular cues that activate bGSDM systems are yet to
be identified, the protease domain-containing component is implicated in
sensing the infection since they are commonly found fused to NACHT
domains or repeat domains such as tetratricopeptide repeat (TPR), leucine-
rich repeat (LRR) or WDA40 repeat that are known to be involved in pathogen
recognition and inflammasome function in human innate immunity (Johnson
et al., 2022; Shi et al., 2020). Protease domains of various types can be
associated with bGSDM, but in most cases the proteases domains are caspase-
like peptidases (Johnson et al., 2022).

Type HlI-E CRISPR-Cas
The caspase-like protease TPR-CHAT (tetratricopeptide repeat fused to
Caspase HetF Associated with TPRs), which structurally resembles
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eukaryotic separase (Cui et al., 2022), is responsible for signal transduction in
the type I11-E CRISPR-Cas systems. The type I11-E CRISPR-Cas systems lack
the type Il signature Casl0 protein and thus differ significantly from the
canonical type Il CRISPR-Cas systems reviewed in Chapter 1.1. The
genomic organization of type IlI-E systems includes a large chimeric gene
encoding the Cas7-11 polypeptide, a csx29 gene encoding a caspase-like
protease TPR-CHAT, and three accessory genes that encode an alternative
extracytoplasmic function (ECF)-like sigma factor CASP-c (sometimes
referred to as RpoE or oF) and two additional proteins Csx31 and Csx30
(Figure 1.17 A) (Ozcan et al., 2021; Yang and Patel, 2022).

The effector module of Type IlI-E CRISPR-Cas is composed of the
CcrRNA, Cas7-11 and Csx29 (TPR-CHAT) proteins and is called CRISPR-
guided caspase (Craspase) (van Beljouw et al., 2021). Similarly to interference
complexes of canonical type 11l CRISPR-Cas systems, the Cas7-11 part of
Craspase recognizes and cleaves target RNA based on the complementarity to
crRNA (Cui et al., 2022; Kato et al., 2022a, 2022b; Liu et al., 2022; Ozcan et
al., 2021; van Beljouw et al., 2021). Furthermore, the TPR-CHAT is activation
is achieved upon binding of the target RNA, which contains non-
complimentary 3'-flanking sequence, therefore the complementarity between
the 5’-handle of the crRNA and the 3'-flanking sequence of the target RNA
serves as a mechanism to discriminate RNA of self versus non-self origin (Cui
etal., 2022; Kato et al., 2022a; Liu et al., 2022). Binding of the cognate target
RNA induces the rearrangement of the active site of TPR-CHAT proteases
into an active proteolytic state (Cui et al., 2022; Kato et al., 2022a; Liu et al.,
2022). The activated protease domain specifically cleaves Csx30, which was
proposed to function as an anti-c factor to its cognate ECF-like ¢ factor CASP-
o (Cui et al., 2022; Kato et al., 2022a; Liu et al., 2022; Strecker et al., 2022).
Typically, ECF o factors are bound to their cognate anti-c factors until an
environmental signal triggers their release, allowing ECF o factors to bind to
RNA polymerase and activate the transcription of a set of genes (Mascher,
2023). Similarly, after Csx30 cleavage, CASP-c is thought to be released and
functions as a ¢ factor initiating the expression of genes, such as of CRISPR
adaptation genes (Strecker et al., 2022). Although a simple release of ¢ factor
from its cognate anti-c factor following cleavage of the anti-c factor seems
trivial, it has been observed that all three accessory proteins, cleaved Csx30,
Csx31 and CASP-o, are essential for protection against phages (Liu et al.,
2022). Therefore, the exact mechanism of how CASP-c is released from the
complex after Csx30 cleavage and the role of the Csx30 cleavage fragments,
Csx30-C and Csx30-N, as well as the role of Csx31, remain to be determined.
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Furthermore, similar to typical type Ill CRISPR-Cas systems, the
activation of TPR-CHAT is temporal - the cleavage of target RNA by Cas7-
like domains deactivates the protease activity (Cui et al., 2022; Kato et al.,
2022a). The proposed mechanism of action of type I11-E CRISPR-Cas systems
is schematically depicted in Figure 1.17 B.
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Figure 1.17. Type IlI-E CRISPR-Cas system. (A) Representative CRISPR—cas
locus of type I11-E CRISPR-Cas system based on the type I1I-E CRISPR-Cas from D.
ishimotonii (Ozcan et al., 2021). The type 11I-E CRISPR-Cas system is composed of
adaptation genes, CRISPR array, gene encoding large polypeptide Cas7-11, csx29
gene encoding TPR-CHAT protease and three accessory genes c¢sx30, csx31 and
CASP-g. The large Cas7-11 polypeptide is composed of 5 domains: 4 Cas7-like
domains, one of which contains insertion, and Cas11-like domain. (B) Mechanism of
action of type I11-E CRISPR-Cas system. Cas7-11 together with Csx29 (TPR-CHAT)
and crRNA forms the interference complex known as Craspase. Upon target RNA
binding Csx29 is activated and cleaves it substrate Csx30. This cleavage releases
CASP-o, which forms holoenzyme with RNA polymerase and initiates expression of
specific genes. The role of the accessory protein Csx31 and the cleavage products of
Csx30 remain unknown. Craspase also possesses RNase activity and similarly to
typical type 111 CRISPR-Cas systems cleave target RNA in turn deactivating protease
activity of Csx29.

1.5.2. ATP-dependent proteases in transcription modulation

Bacteria must respond rapidly not only to viral infections, but also to all
kinds of environmental stresses, such as changes in temperature or nutrient
levels. This could be readily achieved by degrading regulatory and key cellular
proteins by ATP-dependent (also known as AAA+) proteases (Gur et al.,
2011). After target recognition, these proteases aggressively shred proteins
with little sequence specificity (Gur et al., 2011; Philipps-Wiemann, 2018). In
the context of this thesis, | will briefly review examples of the ATP-dependent
bacterial proteases and some well-studied examples of how the ATP-
dependent proteases modulate a global cellular process — transcription.
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ATP-dependent proteases and substrate recognition

Gram-negative bacteria encode five ATP-dependent proteases: CIpAP,
ClpXP, FtsH, HslUV and Lon, while Gram-positive bacteria encode three
additional proteases: CIpCP, CIpEP and proteasome (Gur et al., 2011). Since
the most extensively characterized proteases are of E. coli, here | will focus
on ATP-dependent proteases of Gram-negative bacteria. All ATP-dependent
proteases share a common mechanism where an ATPase component unfolds
substrates and translocates them into a proteolytic chamber of the protease
component (Gur et al., 2011; Mahmoud and Chien, 2018) (Figure 1.18 A).
CIpAP, ClpXP, HslUV are multi-component proteases as the ATPase and
protease components are encoded by separate polypeptide chains. Meanwhile
Lon and FtsH are single-component enzymes — protease and ATPase domains
are part of a single polypeptide chain. Exceptionally, unlike the other
proteases, FtsH is associated with the inner membrane through
transmembrane helical segments (Figure 1.18 B).

Since proteolysis is an irreversible process, proteases must be strictly
selective of their substrates. ATP-dependent proteases recognize their
substrates by short substrate sequences called degradation tags or degrons
(Baker and Sauer, 2006) (Figure 1.18B). The most extensively studied
example of specific substrate recognition through degron is the SsrA degron
recognition by ClpXP. It is a part of protein quality control mechanism, where
E. coli stalled ribosome rescue system, SsrA-SmpB, adds SsrA degron of 11
amino acids (AANDENYALAA) in a process called trans-translation to the
C-terminus of proteins stuck in stalled ribosomes (Keiler et al., 1996). C-
terminal alanines of the SsrA degron are critical for its recognition by ClpX
through three sets of loops that are located in the ClpX pore (Fei et al., 2020;
Ghanbarpour et al., 2023). After degron recognition the substrate is directed
to the proteolytic chamber of CIpP and the substrate is further translocated
with very low sequence specificity (Barkow et al., 2009; Ghanbarpour et al.,
2023). Most SsrA-tagged proteins are degraded by ClpXP, however other
ATP dependent proteases CIpAP, Lon and FtsH can also contribute to
degradation (Langklotz et al., 2012). There is variation in the SsrA-tag
sequences among bacterial species, but these tags commonly end in LAA
(Ahlawat and Morrison, 2009; Flynn et al., 2001). Even though CIpXP is
capable of binding the SsrA-tagged proteins on its own, the adaptor protein
SspB delivers and stimulates degradation of the SsrA-tagged substrates by
ClpXP (Flynnetal., 2001; Wah et al., 2002). Furthermore, SspB also interacts
with some other ClpXP substrates, for example the N-terminal fragment of
RseA (N-RseA) (Levchenko et al., 2005). Surprisingly, SsrA degron and the
C-terminal end of N-RseA do not share sequence similarity upstream from
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terminal (L/V)AA motif and are bound by opposite SspB orientations
(Mahmoud and Chien, 2018). Thus, adaptor proteins can accommodate
multiple substrates.

A substrate

protease
component
X
unfolding and peptide bond
translocation cleavege
B
ClpXP HslUv LonA FtsH
N-CIpX-C NHICIBRI-C NHHsIU-C NESNEFC N e I c
ATPase protease ATPase protease ATPase protease TM ATPase protease
. Dedbe
CIPXe s U
2 X aoseoesecess st

ClpP,

N-degron:

(0%) SQNTLKV‘/‘
(IscR)  MKLSX:V N terminus
C terminus
C-degron: . N terminus
LAA (SsrA-tagged) C terminus @ |exposed aromatic
VAA (N-RseA/ N-LexA) @@ |residues

NVA (Fnr)

Figure 1.18. ATP-dependent proteases. (A) General mechanism of action of ATP-
dependent proteases. Substrate is recognized by the ATPase component. ATP
hydrolysis powers the unfolding and translocation of the substrate into the proteolytic
chamber of the protease component, where peptide bonds are hydrolyzed. (B)
Examples of ATP dependent proteases of Gram-negative bacteria. Organization of
ATPase and protease components (top) and structures of ATP-dependent proteases
(middle): E. coli ClpXP (PDB ID: 9C88), E. coli HslUV (PDB ID: 1G4B), M.
taiwanensis LonA (PDB ID: 8K3Y) and cytosolic part of membrane associated E. coli
FtsH (PDB ID: 7WI4). CIpXP consists of a tetradecameric proteolytic core (ClpP)
capped with an ATPase hexamer (ClpX). Same applies to CIpAP (not shown). HsIUV
is composed of the dodecameric HslV protease core capped by the hexameric HslU
ATPase components. FtsH and Lon proteases form hexamers. FtsH is associated with
the inner membrane. Common degrons recognized by these proteases (bottom).

Other ATP-dependent proteases also require degrons for substrate binding,
but there are some differences in the nature of degron sequences. For example,
HsIUV protease is activated at increased temperatures and requires degrons
on both termini of the substrate protein (Baytshtok et al., 2021; Sundar et al.,
2010). While the membrane-bound FtsH protease degrades membrane
proteins with exposed unstructured N or C-terminus of ~20 or 10 amino acids,
respectively (Bittner et al., 2017; Langklotz et al., 2012). FtsH with the help
of chaperones like DnaK/J and GroES/EL as adaptor proteins can also degrade
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cytoplasmic proteins carrying internal degrons (Langklotz et al., 2012). E. coli
Lon protease, belonging to the LonA subfamily, recognizes sequences (either
internal or terminal) rich in aromatic residues that become accessible in
unfolded proteins but are hidden in most native states (Gur and Sauer, 2009).
Therefore, Lon protease broadly recognizes misfolded proteins and is very
important for protein quality control, since Lon can degrade about half of all
E. coli proteins when they are misfolded (Gur et al., 2011) Intriguingly, Lon
can be allosterically activated. The increase in misfolded proteins results in
Lon activation, that degrades not only unfolded proteins but also fully active
native regulatory proteins, such as replication initiator DnaA in Caulobacter
(Jonas et al., 2013; Mahmoud and Chien, 2018). Furthermore, upon amino
acid starvation, E. coli Lon protease has been shown to bind polyphosphate,
which stimulates its activity in degrading specific substrates, such as
ribosomal proteins (Kuroda et al., 2001; Mahmoud and Chien, 2018).
Moreover, Lon can also be allosterically regulated by binding to DNA,
therefore it is thought to react to DNA damage (Mahmoud and Chien, 2018).

Protease in transcription regulation

As mentioned, ATP-dependent proteases are involved in signal
transduction pathways that regulate transcriptional outcomes. In general,
protein synthesis is an energetically costly process, hence protein degradation
can be seen as a wasteful way to control protein levels. However, compared
to downregulation of protein synthesis at the transcriptional level, proteolysis
provides a more rapid response required under stress conditions (Gur et al.,
2011). Proteases may achieve transcription regulation by degrading or
releasing alternative o factors or degrading transcriptional regulators.

Some alternative o factors are rapidly degraded under some conditions and
stabilized under others to perform transcription initiation from the
corresponding promoters. For example, the alternative ¢ factor 632, which
controls the expression of a large number of proteins at elevated temperatures,
is synthesized at normal temperatures, but its half-life is only ~1 min as it is
rapidly degraded by FtsH protease with assistance of chaperones (Herman et
al.,, 1995; Langklotz et al.,, 2012; Tatsuta et al., 2000). At elevated
temperatures, the availability of chaperones becomes scarce as they are
occupied by rescuing denatured proteins, leading to the accumulation of 62,
Similarly, the levels of an alternative ¢ factor, 6° (also known as RpoS), are
kept low during exponential growth by ClpXP-mediated proteolysis, and the
stabilization of ¢° during the stationary phase is achieved by inhibiting the
adaptor protein RssB, which is essential for substrate recognition by ClpXP
(Battesti et al., 2013; Micevski et al., 2015; Zhou et al., 2001).
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Another example of transcription modulation achieved by proteolytic
cleavage is the release of ECF o factor, 6 (Figure 1.19). This alternative ¢
factor is activated through the cascade of proteolytic cleavages and regulates
the expression of the periplasmic protein quality control system (Ades, 2008;
Dartigalongue et al., 2001; Mascher, 2023; Osterberg et al., 2011). At normal
conditions o is bound by the cytoplasmic domain of the transmembrane anti-
o factor RseA and upon envelope stress, periplasmic protease DegS becomes
activated and cleaves the periplasmic domain of RseA (Walsh et al., 2003).
This in turn activates the membrane-embedded protease RseP to further cleave
the transmembrane domain of RseA and releases the N-terminal cytoplasmic
domain (still bound to oF) of RseA (N-RseA) from the membrane (Heinrich
and Wiegert, 2009). After this cleavage the C-terminal degron sequence
ending with VAA is formed on newly formed C-terminus of N-RseA (Flynn
et al., 2004). Exposed degron targets N-RseA for degradation by ClpXP
releasing oF from the complex.
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Figure 1.19. Release of the ECF ¢ factor, o5, by a cascade of proteolytic
cleavages. Upon outer membrane stress, the membrane-associated periplasmic
protease DegS is activated. Activated DegS cleaves the transmembrane anti-c factor
RseA at the periplasmic side. This cleavage is further sensed by the membrane-
embedded protease RseP, which cleaves RseA releasing the N-terminal fragment of
RseA (N-RseA) bound to oE from the membrane. After RseP cleavage the degron
sequence is exposed on a newly formed N-RseA C-terminus. This degron is
recognized by ClpXP and N-RseA is degraded in turn releasing oF.

Interestingly, the membrane associated anti-c factor and ECF o factor pair,
DdvA-Ddvs, has been observed to regulate an antiviral CBASS-CRISPR-Cas
defense island in Myxococcus xanthus. (Bernal-Bernal et al., 2024, 2018). The
DdvA-DdvsS follows a pathway that is somewhat similar to that of RseA-cE:
the periplasmic domain of an anti-c factor, DdvA, adopts a TPR-CHAT
protease—like architecture and, upon yet unknown viral infection cue,
undergoes autoproteolysis, which in turn induces additional RseP-mediates
intramembrane proteolysis that subsequently destabilizes the interaction of the
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DdvA cytoplasmic domain with DdvS, releasing the o factor (Bernal-Bernal
et al., 2024).

Proteases also degrade regulatory proteins and thus affect transcription.
For example, for the cell to progress through the cell cycle, a positive
transcriptional regulator of the capsule synthesis, RcsA, is degraded by Lon
protease (Gur et al., 2011). Moreover, degradation of the master regulator
CtrA by adaptor proteins-assisted CIpXP is essential in Caulobacter
crescentus for swarmer cells transition to replication-capable stalked cell type
(Jenal and Fuchs, 1998; Mahmoud and Chien, 2018; Skerker and Laub, 2004).
Proteolysis is also essential for the regulation of the SOS response — a bacteria
response to DNA damage. Under normal conditions transcription repressor
LexA inhibits the expression of the SOS response genes that are important for
error prone repair processes (Butala et al., 2008). Upon DNA damage the self-
cleavage of LexA is induced, which results in the formation of C-degron
ending with VAA at the N-fragment of LexA targeting it for degradation by
ClpXP (Pruteanu and Baker, 2009). Proteolysis is also important for the
recovery from the SOS response. For example, following recovery from DNA
damage, DNA repair proteins, which were expressed during SOS, such as
UvrA and UmuD, as well as the cell division repressor SulA, are degraded by
proteases, allowing the cell to begin dividing (Pruteanu and Baker, 2009).
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2. MATERIALS AND METHODS
2.1. Materials
2.1.1. Chemicals

Chemicals used in this study were purchased from Merck, Roth, Fluka and
Thermo Fisher Scientific of the highest purity grade available. Radiolabeled
nucleotides a-*?P-ATP and y-*?P-ATP were purchased from Revvity.

2.1.2. Commercial kits, proteins and dyes

Phusion High-Fidelity and DreamTaq DNA polymerases, “FastDigest”
restriction endonucleases (Acc65l, Avrll and others), T4 polynucleotide
kinase (PNK); T4 DNA ligase, FastAP thermosensitive alkaline phosphatase,
RiboLock RNase inhibitor, 2x RNA Loading Dye, PageRuler Unstained
Protein Ladder (protein sizes in kDa: 200, 150, 120, 100, 85, 70, 60, 50, 40,
30, 25, 20, 15, 10) were purchased from Thermo Fisher Scientific. Bovine
serum albumin (BSA) used to supplement the reactions was obtained from
Thermo Fisher Scientific, while BSA used for biolayer interferometry (BLI)
experiments was obtained from Merck. NEBuilder HiFi DNA Assembly
Master Mix and E. coli RNA Polymerase Core Enzyme were purchased from
New England Biolabs.

“GeneJET PCR Purification Kit”, “GeneJET Plasmid Miniprep Kit”, “T7
High Yield Transcription Kit” and “GeneJET RNA Cleanup and
Concentration Micro Kit” were purchased from Thermo Fisher Scientific.

Gel filtration Calibration Kit was obtained from GE Healthcare.

Nucleic acid dye “SYBR Gold” obtained from Invitrogen.

InstantBlue Coomassie Protein Stain was purchased from Abcam.

All these products were used according to the manufacturer’s instructions.

2.1.3. Bacterial strains and media

E. coli strain DH5a [F- endAl ginV44 thi-1 recAl relAl gyrA96 deoR
nupG ®80dlacZAM15 A(lacZY AargF) U169, hsdR17(rK- mK+), A-] was
used for cloning.

E. coli strain BL21(DE3) [F- ompT gal dcm lon hsdSB(rB- mB-)
MDE3)] was used for interference assay of S. thermophilus type IlI-A
CRISPR-Cas system, expression of S. thermophilus type I1I-A CRISPR-Cas
system for cA, detection in cells, expression of StCsmé isolated wt and mutant
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CARF, HEPN, dCARF and dHEPN domains, expression of Ca. C.
acidaminovorans Csm surveillance complex.

E. coli strain DH10B [F- endAl recAl galE15 galK16 nupG rpsL
AlacX74 ®80lacZAMI15 araD139 A(ara,leu)7697 mcrA A(mrr-hsdRMS-
mcrBC) A-] was used for Csm6 expression.

E. coli strain ER2267 [(F" proA+B+ laclq A(lacZ)M15 zzf::mini-Tn10
(KanR)/ A(argF-lacZ)U169 glnV44 e14-(McrA-) rfbD1? recAl relA1? endAl
SpoT1? thi-1 A(mcrC-mrr)114::1S10] (New England Biolabs) was used for
cultivation of MS2 phage.

E. coli NovaBlue (DE3) [endAl hsdR17(rK12 — mK12 +) supE44 thi-1
recAl gyrA96 relAl lac (DE3) F'[proA+ B+ laclq ZAM15::Tn10] (TetR)]
was used for expression of S. thermophilus type I1I-A CRISPR-Cas system
for cA, detection in cells infected with MS2 phage.

E. coli strain ER2566 [F- A- fhuA2 [lon] ompT lacZ::T7 gene 1 gal
sulAll  A(merC-mrr)114::1S10  R(mcr-  73:miniTnl0-TetS)2 R(zgb-
10::Tn10)(TetS) endAl [dcm]] was used for expression of Ca. C.
acidaminovorans proteins CCaCalpL, CCaCalpT and CCaCalpsS, for plasmid
interference assay of CCaCalpT-CalpS system and the investigation of
CCaCalpTaan degron.

If not stated otherwise, E. coli bacteria were cultivated in LB medium (1
% peptone, 0.5 % yeast extract, 0.5 % NaCl in water, pH 7.0 (25 °C)) or on
plated LB agar, which also contained 1.5 % agar-agar.

Time-course measurements of GFP degradation in E. coli cells were
performed in M9 minimal medium (47.8 mM Na;HPO,, 22 mM KH;PQO,, 8.6
mM NacCl, 18.7 mM NH4CI, 1 mM MgSQ., 0.1 mM CacCl,).

Trace elements for M9 minimal medium (31 uM FeCls, 130 uM EDTA,
6.2 UM ZnCl;, 0.8 uM CuSOs4, 0.4 uM CoCly, 1.6 uM H3BOs3, 0.1 uM MnCly).

2.1.4. Proteins and nucleic acids

Plasmids used in this study are listed in Appendices 1 and 2:
Appendix 1 — plasmids used in the study of cAs signaling regulation.
Appendix 2 — plasmids used in the study of tripartite effector system.
Information on used RNA molecules is listed in the Appendix 3 — RNAs
used in this study.

2.1.5. Buffers and other solutions

Unless stated otherwise, pH is indicated at 25°C.

58



Chromatography buffers:

CHB 1: 20 mM Tris-HCI (pH 8.5), 0.5 M NaCl, 7 mM 2-mercaptoethanol,
1 mM EDTA

CHB 2: 20 mM Tris-HCI (pH 8.0), 0.5 M NaCl, 8 mM 2-mercaptoethanol

CHB 3: 20 mM HEPES-KOH (pH 8.0), 0.5 M KCI, 8 mM 2-
mercaptoethanol

CHB 4: 20 mM Tris-HCI (pH 7.5), 0.5 M NaCl, 8 mM 2-mercaptoethanol

CHB 5: 20 mM Tris-HCI (pH 7.5), 50 mM NaCl, 8 mM 2-mercaptoethanol

SEC-MALS: 20 Tris-HCI (pH 8.0), 100 NaCl, 1 mM DTT

Protein storage buffers:

SB 1: 10 mM Tris-HCI (pH 8.5), 300 mM NaCl, 1 mM DTT, 0.1 mM
EDTA, and 50% (v/v) glycerol

SB 2: 10 mM Tris—HCI (pH 8.0), 300 mM KCI, 1 mM DTT, 0.1 mM
EDTA and 50% (v/v) glycerol

SB 3: 10 mM Tris-HCI (pH 7.5), 300 mM NaCl, 1 mM DTT, 0.1 mM
EDTA and 50% (v/v) glycerol

SB 4: 10 mM Tris-HCI (pH 8.0), 200 mM NaCl, 1 mM DTT, 0.1 mM
EDTA and 50% (v/v) glycerol

SB 5: 25 mM Tris-HCI (pH 7.5), 250 mM NaCl, 1 mM DTT and 50% (v/v)
glycerol

HPLC-MS solvents:

Al: 10 mM ammonium acetate in water, pH 7.0
B1: acetonitrile

A2: 5 mM ammonium acetate in water, pH 7.0

B2 (5 mM ammonium acetate in methanol, pH 7.0)
A3 (1% formic acid in water)

B3 (1% formic acid in acetonitrile)

Reaction buffers for activity assays:

Reaction buffer Y: 33 mM Tris-acetate (pH 7.6 at 37°C), 66 mM
KCH;COO

Reaction buffer H: 20 mM HEPES-KOH (pH 7.5), 50 mM KClI

Reaction buffer T: 40 mM Tris, 20 mM acetic acid (pH 8.1), 1 mM EDTA

Electrophoresis buffers, loading dyes and gels:

2% RNA Gel Loading Dye (Thermo Fisher Scientific): 95 % formamide
0.025 % SDS 0.025 % bromophenol blue 0.025 % xylene cyanol FF 0.025 %
ethidium bromide 0.5 MM EDTA

0.5x TBE buffer: 44.5 mM Tris-HCI, 44.5 mM H;BO; (pH 8.3), 1 mM
EDTA
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Denaturing 15% PAG: 8 M urea, 15 % acrylamide/N,N'-
methylenebisacrylamide (w/w; 29:1) in 0.5% TBE buffer

Denaturing 24% PAG: 6 M urea, 24 % acrylamide/N,N'-
methylenebisacrylamide (w/w; 19:1) in 0.5% TBE buffer

Denaturing 30% (w/v; 19:1) PAG: 6 M urea, 30 % acrylamide/N,N'-
methylenebisacrylamide (w/w; 19:1) in 0.5x TBE buffer

4x SDS loading dye: 200 mM Tris, 400 mM DTT, 8% (w/v) SDS, 40%
(v/v) glycerol and 6 mM bromophenol blue

Protein electrophoresis buffer: 25 mM Tris-HCI (pH 8.3), 190 mM glycine,
0.1 % SDS.

4 % concentrating PAG: 4 % acrylamide/N,N'-methylenebisacrylamide
(w/w; 37.5:1), 125 mM Tris-HCI (pH 6.8), 0,1 % SDS;

12 % fractionating PAG: 12 % acrylamide/N,N'-methylenebisacryl-amide
(w/w; 37.5:1), 375 mM Tris-HCI (pH 8.8), 0,1 % SDS

15 % fractionating PAG: 15 % acrylamide/N,N'-methylenebisacryl-amide
(wiw; 37.5:1), 375 mM Tris-HCI (pH 8.8), 0,1 % SDS

2.1.6. Other items

Magnetic beads “Dynabeads™ His-Tag Isolation and Pulldown” were
purchased from Invitrogen. Copper 300 mesh R1.2/1.3 holey carbon grids
were obtained from Quantifoil. Octet Ni-NTA Biosensors were purchased
from Sartorius.

2.2. Methods
2.2.1. Homology search

The HHPred tool (Zimmermann et al., 2018) was used to search for
homology of Ca. C. acidaminovorans proteins of interest (NCBI Reference
Sequences: WP_044278915.1 (CalpS), WP_015424588.1 (CalpT),
WP_015424587.1 (CalpL), WP_015424586.1 (Cadl)) in structural and
domain databases: PDB, Pfam-A, COG_KOG, NCBI (CD). The search was
performed with default settings.

The DaliSearch tool (Holm et al., 2023) was used to search for remote
structural homologs of the CCaCalpL SAVED domain and full-length
CCaCalpL. The SAVED domain (219-503 aa) or SAVED C-subdomain (357-
504 aa) from the solved cAs-bound CCaCalpL filament structure and a single
CCaCalpL subunit from the Asp-bound CCaCalpL filament structure was
used as a query.
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2.2.2. Structure prediction

The CCaCalpS protein and the CCaCalpT-CalpS heterodimer were
modeled with AlphaFold2 (Evans et al., 2022; Jumper et al., 2021) under the
ColabFold (Mirdita et al., 2022) framework using default parameters. The
SsCalpT-CalpS heterodimer and the complex of CalpL filament, AAAA RNA
and CCaCalpT-CalpS heterodimer were modeled with AlphaFold3
(Abramson et al., 2024).

2.2.3. Sequences alignments

Alignment of Csm6 sequences

A set of 10 Csm6 protein sequences (NCBI Reference Sequences:
WP_014621552.1, WP_014621551.1, WP_007208953.1, EZS13226.1,
WP_002502662.1, AGA14268.1, WP_044359384.1, WP_133445588.1,
WP_089831386.1, WP_123144061.1) were aligned using MUSCLE (Edgar,
2004) and alignment was visualized using ESPript 3.0 (Robert and Gouet,
2014).

Alignment of CalpL, CalpT, CalpS sequences

Pairwise sequence alignment of CalpL (WP_012459369.1), CalpT
(WP_012459368.1) and CalpS (WP_012459367.1) proteins of
Sulfurihydrogenibium spp. YO3AOP1 (Rouillon et al., 2023) and Ca. C.
acidaminovorans (this study) was performed using EBI EMBOSS Needle
(Madeira et al., 2024) with default settings.

Alignment of SAVED4 sequences

A set of 73 recently classified SAVED4 clade (Makarova et al., 2020a)
sequences were used for sequence analysis. Only sequences longer than 450
amino acids and containing SAVEDA4 fused to Lon protease domain were used
for the analysis. A non-redundant set of 16 Lon-SAVED4 was generated by
MMseqs2 (Steinegger and Soding, 2017) and these sequences were aligned
using MUSCLE (Edogar, 2004). Alignment was visualized using ESPript 3.0
(Robert and Gouet, 2014).

2.2.4. Cloning and mutagenesis

General considerations: primers were purchased from Metabion or IDT;
PCRs were performed using Phusion HF DNA polymerase; PCR products
were purified using “GeneJET PCR Purification Kit”; E. coli DH5a strain was
used for cloning and plasmid amplification; colony PCRs were performed
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using DreamTaq polymerase; plasmids were purified using “GeneJET
Plasmid Miniprep Kit”.

Production of plasmids for the study of cAg signaling regulation.

Plasmids and derivatives of plasmids used in previous studies
(Kazlauskiene et al., 2017, 2016; Mogila et al., 2019; Tamulaitis et al., 2014)
(Cas/Csm, pCas/Csm_dCsm3, pCas/Csm_dCsm3-dHDCas10,
pCas/Csm_dCsm3-dHDCas10 ACsm6'ACsm6, pCas/Csm_dCsm3-dHD
Cas10_dPalm-Cas10 ACsm6’ACsmé6, pCRISPR Tec, pCRISPR_S3,
pCRISPR_MS2, pTarget Tc, pTarget Tc™, pTarget _ctrl, pCsm2N-tag,
pCsm6, pCsmé6’, pdHEPN-Csm6) were supplied by Dr. G. Tamulaitis, Dr. M.
Kazlauskiene and Dr. I. Mogila.

The pHEPN expression plasmid encoding the HEPN domain of StCsm6
(172-428 codons) was constructed by cloning PCR amplified csmé gene into
pET-Duet-1 derivative containing an N-terminal Hise-tag and a TEV protease
cleavage site coding sequence via Acc65l and Avrll sites. An additional
sequence encoding four glycine residues was introduced between the TEV site
and csm6 by site-directed mutagenesis resulting in the intermediate plasmid.
Another round of site-directed mutagenesis was used to omit 1-171 codons
from csmé6 in the intermediate plasmid.

pdHEPN plasmid

containing R371A, H376A mutations in HEPN domain was generated by
site-directed mutagenesis using pHEPN as the template.

The pCARF plasmid was generated by the Gibson assembly method. PCR
amplified fragment containing coding sequences of the TEV protease
cleavage site, four glycines coding sequence, CARF domain (1-169 codons
of StCsm6) and PCR fragment obtained from pETDuet-1 derivative
containing an N-terminal Hisio-tag fused with maltose binding protein (MBP)
were assembled.

To generate pdCARF and pdCARF-StCsmé6 plasmids containing D12A
mutation in csm6 gene, mutation carrying primers and pCARF and pCsm6
plasmid as the template, respectively, were used to obtain PCR fragments.
These PCR fragments were assembled by Gibson assembly method.

Sequence integrity of all constructed plasmids was confirmed by Sanger
sequencing.

Production of plasmids for the study of tripartite effector system

The coding sequences of the Candidatus Cloacimonas acidaminovorans
strain Evry proteins of interest and the repeat sequence, were obtained from
the NCBI reference genome sequence NC_020449.1. All gene sequences of
the proteins have been optimized for expression in E. coli.
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Synthetic gene fragments encoding Ca. C. acidaminovorans cas10 (fused
to TEV-cleavable Hiss-Strepll-Hisg N-tag), csm2, csm3, csm4 and csm5 genes
were purchased from Twist Bioscience and cloned into the pCDFDuet-1
plasmid via Gibson assembly to obtain pCCaCsm plasmid. The pCRISPR
plasmid encoding the minimal CRISPR region (repeat-spacer-repeat) and
casé gene was constructed by cloning a synthetic gene fragment into
pETDuet-1 backbone using the Gibson assembly method. The gene fragment
encoding the minimal CRISPR region was purchased from GenScript Biotech,
and the gene fragment encoding cas6 was purchased from Twist Bioscience.

Production of pCCaCalpLN-tag and pCCaCalpLC®-tag was ordered from
Twist Bioscience. These plasmids were produced by synthesizing calpL gene
fused with TEV-cleavable Hiss-Strepll-Hisg tag at the N- or C-terminal and
cloning it into pBAD/HisA vector (Invitrogen). To generate plasmids
encoding mutant versions (S154A; K330A; R358A; K361A; S359A; H396A;
H476A and R358E-K361E) of calpL, site-directed mutagenesis was used with
primers carrying the desired mutations.

Synthetic gene fragments encoding calpS and calpT genes were purchased
from Twist Bioscience and were used as PCR templates to generate desired
fragments for further cloning. The Gibson assembly strategy was used to clone
calpS into pETDuet-1 vector derivative fusing the protein with TEV-cleavable
Hiss-Strepll-Hisg tag at the C-terminus (pETCCaCalpS-“Tag). Similarly, the
PET-CCaCalpT-‘Tag, a pETDuet-1 vector encoding calpT fused to a Hiss-
Strepll-Hiss tag at the C-terminus, was generated. The Gibson assembly was
also used to generate pCDF-CCaCalpT, a pCDFDuet-1 vector encoding calpT
without the tag. pPSAVED-“Tag encoding a C-tagged calpL gene spanning
209-506 codons (with an additional 1209A mutation) was generated from a
plasmid pCalpL-Tag using site-directed mutagenesis to remove the
corresponding parts of the calpL gene.

For the E. coli survivability assay pCCaCalpS, pCCaCalpT,
pCCaCalpTan, pCCaCalpTiic and pCCaCalpTspic Vectors were generated.
The pCCaCalpS vector was produced by cloning the calpS gene into the
pCDFDuet-1 vector using the Gibson assembly method. The pCCaCalpT
vector encodes the entire calpT gene spanning 1-299 codons and was
generated by site-directed mutagenesis of the pET-CCaCalpT-°Tag vector,
excluding the segment encoding the affinity tag. The pCalpTan vector
encodes the first 204 codons of the calpT gene, while the pCalpTiic vector
encodes codons 205-299 (with an additional methionine for initiation) of the
calpT gene. These vectors were generated from the pCCaCalpT plasmid using
site-directed mutagenesis to remove the corresponding parts of the calpT gene.
The pCCaCalpTspit plasmid encodes codons 1-204 (CalpT.an) and 205-299
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(CalpTaic) of the calpT gene, separated by a 45 nt spacer encoding a ribosome
binding site and an additional methionine as an initiation codon for the
expression of the CCaCalpTiic. To produce the pCCaCalpTspic plasmid, a
whole plasmid PCR fragment was generated from the pCCaCalpT template
and assembled with a 77 nt bridging oligo using the Gibson assembly method.
The pCalpT2an(mut) plasmid encodes the first 204 codons of calpT with an
A204D mutation at the end of the potential degron sequence and was
constructed by site-directed mutagenesis using pCCaCalpTan as a template.
pGFP was constructed by cloning the GFPmutl (Cormack et al., 1996) gene
into the pETDuet-1 vector via the Gibson assembly. Subsequently, pGFP was
used as a template in a site-directed mutagenesis strategy to generate plasmids
encoding GFP fused to the degron sequences: (i) wt-CCaCalpT.an C-degron
PETLQLAA, (ii) mutant CCaCalpT.an C-degron PETLQLAD, or (iii) partial
ssSrA  C-degron ENYALAA, generating pGFP-(wt)CalpTan-degron,
pGFP(mut)CalpT2n-degron and pGFP-ssrA-degron plasmids, respectively.
Sequence integrity of all constructed plasmids was confirmed by either
Sanger sequencing or whole plasmid sequencing (SeqVision, Lithuania).

2.2.5. Preparation of bacterial lysates for cA, detection

E. coli BL21 (DE3) cells were first transformed with the two plasmids
encoding the S. thermophilus CRISPR—Cas system: (i) the relevant pCRISPR
variant —targeting (pCRISPR_Tc) or non-targeting ()CRISPR_S3) and (i) wt
or mutant plasmid pCas/Csm. Such cells were subsequently transformed with
pTarget_Tc, pTarget_ Tc™! or pTarget_ctrl plasmids and grown overnight at
37°C in liquid LB media supplemented with 1.5% glucose, streptomycin (25
pg/ml), ampicillin (50 pg/ml), and chloramphenicol (30 pg/ml). Fresh LB
medium was inoculated with the overnight culture (1/20 (v/v)) and was further
incubated at 37°C. When the culture reached the mid-log phase, expression of
the StCsm complex was induced by addition of 1 mM IPTG. Cell suspension
aliquots of 400 ml were taken at indicated time points and pelleted by
centrifugation. Before HPLC—MS analysis, biomasses were tested for the
presence of the plasmids (at 4 h after induction) by PCR. The presence of
intact Cas10 GGDD synthetase motif in the Palm domain and the Tc-targeting
CRISPR region was verified by sequencing the corresponding PCR products.

For phage-induced cA, assays, the MS2 (ATCC® 15597B1) phage sample
was obtained from Dr. Andris Dislers (Latvian Biomedical Research and
Study Center) as a kind gift. Prior to the experiment phage was propagated in
E. coli ER2267 strain according to the manufacturer’s protocol of MS2
propagation on soft agar covered double layer agar plates. Plasmids
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pCRISPR_MS2 or pCRISPR_S3 and pCas/Csm_dCsm3_dHDCas10
ACsm6'ACsm6 were co-expressed in E. coli NovaBlue (DE3), grown at 37°C
in LB medium, supplemented with tetracycline (10 pg/ml), streptomycin (25
pg/ml), chloramphenicol (30 pg/ml). Fresh LB medium was inoculated with
the overnight culture (1/20 (v/v)), and bacteria were grown at 37°C. When
they reached the mid-log phase, 1 mM IPTG was added, and after an
additional 30 minutes the cells were infected with MS2 phage suspension. The
cells were collected by centrifugation at 16 h post induction.

2.2.6. Protein expression and purification

Proteins were expressed in indicated E. coli strains (Table 2.1). E. coli
cells were transformed or co-transformed with relevant plasmids (Table 2.1,
Appendices 1 and 2) and were grown in liquid LB medium supplemented with
appropriate antibiotics at 37°C with 200 rpm shaking. At the mid-log phase
(ODgoo 0.6 to 0.8) expression was induced using the relevant inductor and cells
were further cultured at indicated temperature for indicated time (Table 2.1).
Cells were harvested by centrifugation and pellets were resuspended in
appropriate chromatography buffer (Table 2.1) supplemented with 0.1 mM
phenylmethylsulfonyl fluoride (PMSF), except for CCaCalpL for which
protease inhibitor was not used, and disrupted by sonication. Soluble fractions
were loaded on relevant columns (Table 2.1). All protein purifications were
performed using AKAT avant chromatography system (Cytiva). All proteins
were dialyzed against the relevant storage buffer and stored at -20°C (Table
2.1).

2.2.7. Determination of the oligomeric state

SEC analysis of isolated CARF and HEPN domains

Analytical SEC was carried out at room temperature on an AKTA FPLC
system (GE Healthcare) using a Superdex 75 10/300 GL column (GE
Healthcare), preequilibrated with the chromatography buffer 3 (CHB 3).
CARF and HEPN 100 ul loading samples were prepared by diluting proteins
with the CHB 3 buffer to the final loading concentrations of 0.7-0.8 mg/ml.
Elution from the column was monitored by measuring absorbance at 280 nm.
The apparent molecular weights of proteins were evaluated based on the
elution volume using a series of standards (Gel filtration Calibration Kit from
GE Healthcare).

SEC-MALS analysis of CCaCalpL-CalpT-CalpS components
SEC-MALS analysis was performed on the HPLC system (Waters Breeze)
combined with a miniDAWN MALS detector (Wyatt) and an Optilab
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refractive index detector (Wyatt). CCaCalpL, CCaCalpT-CalpS, CCaCalpT
or CCaCalpS protein samples were diluted with the SEC-MALS buffer to a
final concentration of 0.3 mg/ml. 200 mL of diluted samples were loaded to a
Superdex 200 Increase 10/300 GL column (Cytiva) equilibrated with SEC-
MALS buffer. Data acquisition and evaluation were performed using ASTRA
7 software (Wyatt).

2.2.8. Preparation of RNAs

The S3/1, NS and CCaTarget RNAs were obtained by in vitro transcription
using TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher
Scientific). First, DNA fragments containing a T7 promoter in front of the
desired RNA sequence were produced either by PCR using pUC18 S3/1
(Tamulaitis et al., 2014) or by annealing appropriate complementary
oligodeoxynucleotides. Then, PCR fragments were purified using “GeneJET
PCR Purification Kit” (Thermo Fisher Scientific) and subjected to in vitro
transcription reaction, while assembled DNA oligoduplexes were used
without additional purification. In vitro transcription was performed according
to the manufacturer’s instructions. Synthesized RNAs were purified using
“GeneJET RNA Cleanup and Concentration Micro Kit” according to
manufacturer’s instructions.

NS RNA substrate used for StCsm6 RNase activity assay was
dephosphorylated using FastAP thermosensitive alkaline phosphatase
(Thermo Fisher Scientific) and 3P 5'-labeled with y-*?P-ATP (Perkin
Elmer/Revvity) using PNK (Thermo Scientific) according to manufacturer’s
instructions.

2.2.9. cA, synthesis in vitro

CA\ synthesis using StCsm complex
The cAn synthesis reactions were initiated by adding 10 mM CoCl; or 1 mM
Mg(CH3COOQ); into a mix of 0.2 uM StCsm complex, 0.2 or 10 uM of target
RNA S3/1 and 500 uM ATP in the reaction buffer Y or H both supplemented
with 0.1 mg/ml BSA and carried out at 37°C for 1 or 16 h. The reactions were
stopped by adding 15 mM EDTA. Reaction products were subjected to HPLC-
MS analysis.

CA\ synthesis using CCaCsm complex

The mixture of 0.2 pM of CCaCsm complex, 10 pM of target RNA
CCaTarget or NS RNA and 60 mM of ATP in the reaction buffer H,
supplemented with 0.1 mg/ml BSA and 1 mM of Mg(CHsCOO),, was incubat-
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Table 2.1. Conditions of protein expression and purification

Protein

StCsm complex
(wt and mutant)

StCsm6’ and
StCsm6

(wt and mutant)
CARF domain /
HEPN domain
(wt and mutant)

CCaCsm complex

CCaCalpL N-
taged

CCaCalpL
(wt ant mutants)

CCaCalpT-CalpS
heterodimer /
CCaCalpT

CcCacCalpS

E. coli
strain

BL21
(DE3)

DH10B

BL21
(DE3)

BL21
(DE3)

DH10B

ER2566

ER2566

ER2566

Expression
Plasmid Inductor | CroWn Post-
induction

pCas/Csm / pCas/Csm-dCsm3 1 mM IPTG 4 hat37°C
pCRISPR_S3 and
pCsm2-NTag
pCsmé6 / pdCARF-Csmé6 / 0.2% 4hat37°C
pdHEPN-Csm6 / pCsmé6’ L-(+)-

arabinose
pCARF / pdCARF/pHEPN/ 1 mM IPTG ~16 hat 16°C
pdHEPN
pCCaCsm and 0.5mM ~16 h at 16°C
pCCaCRISPR IPTG
pCCaCalpL-NTag 0.2% 4hat37°C

L-(+)-

arabinose
pCCaCalpL-“Tag / p(S154A / 0.2% 4hat37°C
K330A /R358A / K361A/  L-(+)-
S395A / H396A / HAT6A [  arabinose

R358E-K361E)CCaCalpL-

CTag

pETCCaCalpS-“Tag and
pCDF-CCaCalpT / pET-

CalpT-°Tag

pET-CalpS-°Tag

0.5mM IPTG 4hat37°C

0.5mM IPTG 4 hat37°C
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Purification
Step Column /enzyme Sl Elution
buffer
StrepTrapHP CHB1 25 mM d-desthiobiotin

1
2

NP, WNEFE WN PP N

A W NP

w N

Superdex 200 10/300 CHB1
GL

HisTrapHP CHB 2
StrepTrapHP CHB 2
HisTrapHP CHB 3
TEV (1:50 (w/w) TEV:target)

HisTrapHP CHB 3
StrepTrapXT CHB 4

TEV (1:25 (w/w) TEV:target)

HiTrap Heparin CHB5
HisTrapHP CHB 2
StrepTrapXT CHB 2
HisTrapHP CHB 2
StrepTrapXT CHB 2

TEV (1:25 (w/w) TEV:target)

HisTrapHP CHB 2
HisTrapHP CHB 2
StrepTrapXT CHB 2
Superdex 200 10/300 CHB 2
GL

HisTrapHP CHB 2
StrepTrapXT CHB 2

CHB1

5-500 mM imidazole gradient
25 mM d-desthiobiotin

5-500 mM imidazole gradient

Target protein in flow-through
50 mM D(+)-biotin

50-1000 mM NaCl gradient
5-500 mM imidazole gradient
50 mM D(+)-biotin

5-500 mM imidazole gradient
50 mM D(+)-biotin

Target protein in flow-through

5-500 mM imidazole gradient
50 mM D(+)-biotin
CHB5

5-500 mM imidazole gradient
50 mM D(+)-biotin

Storage
buffer

SB1

SB2

SB 2

SB3

SB 4

SB 4

SB5

SB5



ed at 37°C for 75 min. The reaction was stopped by freezing the sample. The
reaction products were subjected to HPLC-MS analysis.

Production of radiolabeled cAs

The o*?P-labeled cAs for subsequent direct visualization of its hydrolysis
was prepared by mixing 0.2 uM StCsm complex with 10 uM target RNA S3/1,
1 mM Mg(CH3;COO)2, 0.5 mM ATP and 1 pM a-*2P-ATP in the reaction
buffer H and incubating at 37°C for ~16 h. Synthesis products were separated
by denaturing PAGE (24% gel) and cAg was purified from the gel by phenol
extraction and ethanol precipitation.

Production of radiolabeled cA4

The a®?P-labeled cA, for subsequent direct visualization of its hydrolysis
was prepared by mixing 0.2 uM CCaCsm complex, 10 uM CCaTarget RNA,
1 mM Mg(CH3COO),, 0.2 mM ATP and 1 uM o®?P-ATP in the reaction buffer
H and incubating at 37°C for 4 hours. Synthesis products were separated by
denaturing PAGE (24% gel) and cAs was purified from the gel by phenol
extraction and ethanol precipitation.

2.2.10. Ring nuclease assay

For TtCsm6

TtCsm6 (Kazlauskiene et al., 2017) at the indicated TtCsmé6 concentrations
was incubated with 20 uM of synthetic cAs (Biolog) or cAs (Biolog) in the
reaction buffer Y supplemented with 0.1 mg/ml BSA (Thermo Fisher
Scientific), and 0.5 U/ml RiboLock RNase inhibitor (Thermo Fisher
Scientific) for 120 min. Reactions were stopped by freezing and subjected to
HPLC-MS analysis.

For StCsm6’, StCsm6 or isolated CARF and HEPN domains

Unless stated otherwise, cA, hydrolysis by StCsm6, StCsmé6’, CARF
domain or HEPN domain was conducted in the reaction buffer T
supplemented with 0.5 U/ul RiboLock RNase Inhibitor (Thermo Fisher
Scientific) and contained 20 pM of synthetic cAs (Biolog), synthetic cA4
(Biolog), linear As>p (ChemGenes) or ~30 UM of StCsm-produced cA,
mixture. Reactions were started by adding an indicated amount (0-10 uM) of
protein and incubated at 37°C. Reactions were stopped by freezing and
subjected to HPLC-MS analysis.

To directly visualize the hydrolysis of cAs, reactions were conducted in the
reaction buffer T supplemented with 0.5 U/pl RiboLock RNase Inhibitor
(Thermo Fisher Scientific) and contained 50 nM of StCsm-produced
radioactively labeled a*2P-cAs. Multiple turnover reactions additionally
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contained 10 uM of unlabeled cAg (Biolog). Reactions were started by adding
an indicated amount (0-10 uM) of protein and were carried out at 37°C.
aliquots were taken at indicated time points and reactions were quenched by
mixing with equal amount of 2x RNA Gel Loading Dye (Thermo Fisher
Scientific). Reaction products were analyzed by denaturing PAGE and
visualized by autoradiography.

The analysis of cAs cleavage reaction products by denaturing PAGE was
performed using 24% denaturing gels of 16.5 cm x 22.0 cm format. First a
pre-electrophoresis was performed for 30 min at 600V, then samples were
loaded on the gel and electrophoresis was carried out at 600V for 4 hours.
Both stages were performed at room temperature. Gels were subsequently
visualized by autoradiography.

For single turnover reactions, Kows Were determined by fitting a single
exponential to the substrate depletion data. For ke calculation, the reaction
rates were determined from the linear parts of the reaction progress curves by
linear regression.

For CCaCalpL

The cA, hydrolysis assay was performed in the reaction buffer Y
supplemented with 1 mM DTT, 0.1 mg/ml BSA (Thermo Fisher Scientific),
and 0.5 U/ml RiboLock RNase inhibitor (Thermo Fisher Scientific)
containing 10 uM of synthetic cAs (Biolog), synthetic cA4 (Biolog), synthetic
cAs (Biolog), linear As>p (ChemGenes), or linear Asp (Metabion). Reactions
were initiated by adding 1 uM of protein (wt or mutant versions of CCaCalpL)
and incubated at 37°C for the indicated time. Reactions were stopped by
freezing the sample. For identification of the cleavage products formed in a
time course experiment of cA4 cleavage, aliquots were taken at the indicated
time points and the reactions were quenched by heating at 85°C for 10 min.
The reaction products were subjected to HPLC-MS analysis.

To directly visualize the hydrolysis of cA4, reactions were performed in the
reaction buffer Y supplemented with 1 mM DTT, 0.1 mg/ml BSA (Thermo
Fisher Scientific), and 0.5 U/ml RiboLock RNase inhibitor (Thermo Fisher
Scientific) and containing 50 nM CCaCsm-produced radiolabeled o*?P-CA..
Multiple turnover reactions additionally contained 10 uM of unlabeled cAs
(Biolog). Single and multiple turnover reactions were started with the addition
of 1 uM protein (wt or mutant CCaCalpL or isolated SAVED domain) and
performed at 37°C. At the indicated time points, 5 ml aliquots were taken and
the reactions were quenched by mixing with an equal amount of 2x RNA
Loading Dye (Thermo Fisher Scientific) at 85°C. The reaction products were
subjected to analysis by denaturing PAGE.
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Analysis by denaturing PAGE was performed using 30% denaturing gel of
21 cm x 55 cm. First, a pre-electrophoresis was performed for 30 min at
1500V, then samples were loaded on the gel and electrophoresis was carried
out at 2500V for 14 hours. Both stages were performed at 25°C. Gels were
subsequently visualized by autoradiography.

Non-linear regression analysis of multiple-turnover cA4 cleavage reaction
data was performed using Kyplot 2.0 software (Y oshioka, 2002). The reaction
course was approximated by simultaneous fitting equations (1-4) that describe
sequential conversion of cA4 to As>p, Asp and A2>p + Azp over time with the
rate constants ki, ko and ks, respectively, to experimental data:

[cAy] = [cAy]p x eTFXD 1)

[A4>p] — [CA4]0 x [(klk_lkz)] X [(e(—kzxt) _ e(—k1><t))] (2)

ko
[(k1—k2)x(kq1—k3)x(kz—k3)]

(ky — k3) X eCF2XD + (ky — k) X e(_k3><t)] 3)

[A4p] = [cAylo X ky X X [(kz — kg) x eRx0) —

[A25p] + [A,p] = [cAs]o — [cAs] — [Assp] — [Asp] (4)

The observed turnover rates Kons1, Kops2 and Kopss for the three reaction stages
were then calculated by multiplying ki, k2 and ks by the total substrate
concentration [cAs]o (10 M) and dividing by the total enzyme concentration
(1 uM) used in the reaction. The determined cAs, As>p and A4p turnover rates
are presented as the mean + 1 standard deviation of Kobs1, Kobsz and Kopsz Values
determined from three independent experiments.

2.2.11. HPLC-MS analysis

Detection of cA, in bacterial lysates

cAn-containing fraction was extracted from 100 mg (£5%) bacterial pellet
(Chapter 2.2.5.) by addition of 2 ml 80% ice-cold methanol prior to sonication,
thorough vortexing and centrifugation (16 000 g at 4°C) for 10 min. The
supernatants were transferred to new tubes and lyophilized to dryness. The
samples were subsequently resuspended in 30 ul solvent Al just before
analysis. Each sample (2-5 pl) was injected using a Vanquish Horizon
UHPLC (Thermo Fisher Scientific) or an Agilent 1290 Infinity HPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with an Agilent
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Zorbax Eclipse Plus C18 column (2.1 x 150 mm, 1.8 um) with a 50 mm guard-
column, both kept at 40°C. The chromatographic gradient was run at a flow
rate of 300 ul/min with the following solvent composition of solvent Al and
solvent B1 (acetonitrile): 97% Al from 0-2 min, 97-60% Al from 2—8 min,
60-10% A1 from 8-12 min, 10% from 12-15, before equilibration for 3 min
with the initial conditions. The flow from the HPLC was coupled to a Q-
Exactive HF mass spectrometer (Thermo Fisher Scientific) or Agilent Q-TOF
6530b system (Agilent Technologies) operated in negative ion mode. Data
was extracted using Agilent Masshunter Profinder 10.0 or Thermo Xcalibur
v. 3.1 with a mass precision of 10 ppm. The cAn were annotated based on
accurate mass, retention time from synthesized standards and fragment ions.
The molar amount of cA, was estimated based on comparison to standards of
known guantity. The molar concentration of cA, was calculated assuming that
each E. coli cell is 1 fl in volume and its wet weight is 1 pg (Sajed et al., 2016).

Analysis of cA, synthesis and hydrolysis products

Electrospray ionization mass spectrometry (ESI-MS) was performed in
negative mode using an integrated HPLC/ESI-MS system (1290 Infinity,
Agilent Technologies/Q-TOF 6520, Agilent Technologies) equipped with a
Supelco DiscoveryOHS C18 column (7.5 cm 3 2.1 mm, 3 mm). Elution was
performed with a linear gradient of solvents A2 and B2 at a flow rate of 0.3
ml/min at 30°C as follows: 0-3 min, 0% B2; 3-23 min, 15% B2; 23-25 min,
40% B2, 25-26 min 80% B2, 26-29 min 100% B2. lonization capillary voltage
was set to 5000 V, fragmentor to - 150 V. Molecules were annotated based on
accurate mass, retention time of synthesized standards and fragment ions.

Analysis of CCaCalpT cleavage products

Samples were analyzed on an integrated HPLC/ESI-MS system (Agilent
1290 Infinity) equipped with a Poroshell 300SB-C8 column (2.1x75 mm, 5
mm) by elution with a linear gradient of solvents A3 and B3 at a flow rate of
0.4 ml/min at 30°C as follows: 0-1 min, 2% B3; 1-6 min, 2-98% B3; 6-7 min,
98% B3; 7-9 min, 98-2% B3; 9-10 min, 2% B3. High resolution mass spectra
of protein products were acquired on an Agilent Q-TOF 6520 mass analyzer
(100-3200 m/z range, positive ionization mode). Results were analyzed using
Agilent MassHunter Qualitative Analysis B.05.00 software.

2.2.12. RNA hydrolysis assays

RNA hydrolysis assay
RNA hydrolysis reactions by StCsm6’, StCsm6 and HEPN domain were
conducted in the reaction buffer T, supplemented with 0.5 U/ul RiboLock
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RNase Inhibitor (Thermo Fisher Scientific) and additional 1 mM EDTA.
Reactions contained 10 nM of 5’-32P-radiolabeled NS RNA and 0-1 pM cAs
(Biolog) or 0-100 nM cAs (synthesized and purified by Dr. M. Kazlauskiene
and Dr. A. Silanskas). Reactions were started by adding 0—10 uM StCsm6 or
its isolated domains and were carried out at 37°C. The reaction products were
separated by denaturing PAGE (15% gel) and visualized by autoradiography.

RNA hydrolysis competition assay

Reactions were performed at 25°C and contained 10 nM of 5'-32P-
radiolabeled NS RNA and 0-500 uM of cAg in the reaction buffer Y with 0.5
U/ul RiboLock RNase Inhibitor (Thermo Fisher Scientific) and 0.1 mg/mL
BSA (Thermo Fisher Scientific). Reactions were initiated by addition of
StCsmé6 to the final concentration of 10 nM. Aliquots of the samples were
collected at indicated time intervals and quenched by mixing with 2x RNA
Gel Loading Dye (Thermo Fisher Scientific). The reaction products were
separated by denaturing PAGE (15% gel) and visualized by autoradiography.

RNA hydrolysis constants kops Were determined by fitting a single
exponential to the substrate depletion data.

2.2.13. Protease assay

Protease reactions were performed by pre-incubating 5 uM of CCaCalpL
(when CCaCalpL mutant was combined in the oligomerization assay, 2.5 uM
of each mutant was used) and 5 uM of CCaCalpT-CalpS dimer (or CCaCalpT
monomer) in the reaction buffer Y supplemented with 2 mM DTT at 37°C for
5 min. The reaction was started by the addition of 25 uM (unless otherwise
stated) of cAs, CAs, As>p or Asp. Linear A;>p and Azp mix was prepared by
incubating cA4 with wt-CCaCalpL for 4 hours and stopping the reaction by
heating at 85°C for 10 minutes and removing proteins by centrifugation. The
supernatant containing A.>p and Ayp was used in the protease reaction.
Samples were incubated at 37°C for 120 min (or other time point if specified
otherwise) and the reaction was stopped by mixing with 4x SDS loading dye.
Reaction products were separated by SDS-PAGE (15% gel) and visualized by
Coomassie staining. Gels were imaged by GelDoc Go System (Bio-Rad) or
using the densitometry scanning mode on an Amersham Typhoon
Biomolecular Imager (Cytiva).
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2.2.14. Cryo-EM

Sample preparation

The CCaCalpL complexes with oligoadenylates were prepared by mixing
10.5 mM (0.66 mg/ml) of the N-tagged wt-CCaCalpL with 30 UM of cA4,
As>p or Asp in the reaction buffer Y supplemented with 1 mM DTT and 2.5%
glycerol just before applying on the freshly glow-discharged copper 300 mesh
R1.2/1.3 holey carbon grids (Quantifoil), in a Vitrobot Mark 1V (FEI) at 4°C
with a waiting time of 0 s and a blotting time of 5 s under 95% humidity
conditions. Grids were plunge-frozen in liquid ethane cooled at liquid nitrogen
temperature. As>p and Asp samples were prepared on holey carbon grids
overlaid with graphene oxide. The graphene oxide coating was performed as
described in (Bokori-Brown et al., 2016). Briefly, the glow-discharged (60 s,
50 mA) 1.2/1.3 Cu 300 mesh grids (Quantifoil) were coated with graphene
oxide by applying 3 mL of aggregate-free supernatant of 10-fold diluted
graphene oxide dispersion (Merck; 2 mg/mL) on the carbon-coated side of the
grid and incubating for 1 min. To remove the excess of graphene oxide, the
grids were blotted with filter paper, washed three times with water, and dried
on filter paper.

Data collection and image processing

The cryo-EM data for the wt-CCaCalpL with bound oligoadenylates were
collected using a Glacios microscope (Thermo Fisher Scientific), running at
200 kV and equipped with a Falcon 3EC Direct Electron Detector in the
electron counting mode (Vilnius University). Images were recorded with EPU
(v.3.2) at a nominal magnification of 392,000, corresponding to a calibrated
pixel size of 1.10 A per pixel, using an exposure of 0.80 e/A? s, in 30 frames
and a final dose of 29.7 e/A?, over a defocus range of -1.0 to -2.0 pm. Patch
motion correction, CTF estimation, micrograph curation, blob picking, and
particle extraction were performed in real-time in CryoSPARC Live (v.4.2.1)
(Punjani et al., 2020, 2017). Further data processing was performed using
standard CryoSPARC (v.4.2.1) (Punjani et al., 2020, 2017).

2,604,122 particles of the wt-CCaCalpL-Aasp complex were extracted (box
size 240 pixels) from 3,127 accepted micrographs. After 2D classification, the
selected particles (898,101) were subjected to heterogeneous refinement using
four volumes obtained from an ab-initio reconstruction. Class 1 possessing
higher FSC resolution (4.22 A, 488,970 pct) was further subjected to non-
uniform refinement followed by 3D classification into 3 classes. After 3D
classification, particles from one class (175,828) were used for the final
reconstruction using non-uniform refinement, local refinement, reference-
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based motion correction, followed by the final rounds of non-uniform and
local refinement.

1,426,639 particles of the wt-CCaCalpL-cA4 complex were extracted (box
size 240 pixels) from 2,471 accepted micrographs. After 2D classification, the
selected particles (687,353) were subjected to heterogeneous refinement using
three volumes obtained from an ab-initio job. Class 2 possessing higher FSC
resolution (4.22 A, 339,216 pct) was further subjected to a second round of
heterogeneous refinement into 3 classes. Particles from class 2 possessing
higher FSC resolution (4.22 A, 132,224 pct) were subjected to another round
of 2D classification. Selected filament particles (124,470 pct) were used for
the final reconstruction using non-uniform and local refinement.

3,472,781 particles of the wt-CCaCalpL-As>p complex were extracted
(box size 240 pixels) from 3,127 accepted micrographs. After 2D
classification, the selected particles (1,358,761 pct) were subjected to
heterogeneous refinement using four volumes obtained from an ab-initio
reconstruction. Class 1 possessing higher FSC resolution (4.22 A, 559,559
pct) was further subjected to 3D classification to 3 classes. After 3D
classification, particles from class 0 (215,062) were used for the final
reconstruction using non-uniform and local refinement.

The global resolution and sphericity values for all reconstructions were
estimated using 3DFSC v.3.0 software (Tan et al., 2017) according to the
Fourier shell correlation of 0.143 criterion (Rosenthal and Henderson, 2003).
The local resolution was estimated in CryoSPARC (v.4.3.0) (Punjani et al.,
2020, 2017).

Model building and validation

The initial protein model for wt-CCaCalpL-Asp complex was generated
using AlphaFold (Jumper et al., 2021) under the ColabFold (Mirdita et al.,
2022) framework using default parameters and MMseqs2 to search for
homologues into the ColabFold database, and manually modified using Coot
(v.0.9.8.1) (Emsley et al., 2010) against the map sharpened using
phenix.auto_sharpen (v.1.20.1-4487) (Liebschner et al., 2019) Asp was built
manually. Model refinement was performed using phenix.real_space_refine
(v.1.20.1-4903) (Liebschner et al., 2019) The final model of the wt-
CCaCalpL-Asp complex covers protein residues 4-13, 18-97, 104-166, 171-
197, 201-505 of chain A; residues 4-30, 36-62, 66-96, 104-189, 201-422, 426-
489, 492-506 of chain B; residues 203-351, 363-504 chain C; and two Asp
molecules. This model was further used as the initial model for wt-CCaCalpL-
cAs and wt-CCaCalpL-A4s>p complexes, which were rebuilt and refined using
similar procedures. The final model of the wt-CCaCalpL-cAs complex covers
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protein residues 202-352, 357-504 of chain A; residues 202-229, 233-273,
279-337, 344-353, 356-422, 426-486, 496-506 of chain B a and one cA4
molecule. The final model of the wt-CCaCalpL-As>p complex covers protein
residues 90-95, 107--112, 118-164, 174-188, 202-353, 357-505 of chain A,
residues 154-167, 207-228, 231-337, 344-352, 358-419, 426-486, 494-504 of
chain B and residues 220-300, 307-326, 333-350, 384-419, 422-473, 480-502
of chain C and two As>p molecules. The statistics of the three-dimensional
reconstruction and model refinement are summarized in Appendices 4-7. The
molecular graphics figures were prepared with ChimeraX (v. 1.5) (Meng et
al., 2023).

2.2.15. Protein interaction assays

Biolayer Interferometry

Biolayer interferometry (BLI) experiments were performed using the Octet
K2 system (Sartorius). Experiments were performed at 37°C in 96-well plate
format using 200 mL reagent volumes and a stage rotation rate set of 1000
rpm.
CCaCalpL interaction with CCaCalpT-CalpS

The Hiss-Strepll-Hisg-tagged CCaCalpT-CalpS heterodimer was used as
the ligand and the H396A or R358/K361E variants of the CCaCalpL protein
as analyte. The Ni-NTA biosensors (Sartorius) were hydrated in the reaction
buffer Y supplemented with 1 mM DTT, 0.01% Triton X-100, 10 mM
imidazole and 0.1% BSA (Merck) for 10 minutes before use. After the initial
baseline step of 120 seconds, the CCaCalpT-CalpS heterodimer was
immobilized on biosensors at a concentration of 200 nM for 120 seconds. A
secondary baseline of 120 seconds was then performed to stabilize the signal.
The 60-second association step was recorded by transferring the ligand-bound
biosensors to wells containing the analyte CCaCalpL at concentrations of 250
nM, 500 nM, 1000 nM and 2000 nM. The association step was followed by a
dissociation phase of 180 seconds. The reactions were supplemented with 4
mM of cAs in the appropriate measurement series. A biosensor without
CCaCalpT-CalpsS ligand was used as a reference. Before each measurement
in the series with increasing analyte concentration, the biosensors were
regenerated by three cycles of incubation for 5 seconds in 10 mM glycine (pH
1.7), followed by 5 seconds in the reaction buffer. The biosensors were then
recharged by incubation in 10 mM NiCl; for 60 seconds. The mean amplitude
of the CCaCalpL binding response, normalized to the amplitude of the
CCaCalpT-CalpS ligand loading response, is reported from three replicates
for each CCaCalpL concentration.
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CCacCalps interaction with ECRNAP

The Hise-Strepll-Hiss-tagged CCaCalpS, CCaCalpT-CalpS heterodimer,
or CCaCalpT-CalpS heterodimer after cleavage with cAs-activated
CCacCalpL, was used as the ligand and E. coli RNA polymerase (ECRNAP)
core enzyme (New England Biolabs) as the analyte. The binding assay was
performed in the E. coli RNA Polymerase reaction buffer (New England
Biolabs) supplemented with 0.01% Triton X-100, 10 mM imidazole and 0.1%
BSA (Merck). Measurement steps were performed as described above for the
CCaCalpL and CcCaCalpT-CalpS binding experiment, except that the
association step was extended to 90 seconds, and only a single concentration
of RNAP (100 mU/mL) was used. The averaged BLI sensorgrams of three
technical replicates for each immobilized protein is reported.

Interaction assays using Dynabeads
CCacCalpT-CalpS interaction within the heterodimer after cleavage by
CCaCalpL

The protease reaction was performed by pre-incubating 5 uM of CCaCalpL
and 5 pM of CCaCalpT-CalpS dimer in the reaction buffer Y supplemented
with 2 mM DTT at 37°C for 5 minutes and starting the reaction by adding 25
UM of cA4. Samples were incubated at 37°C for 120 minutes in a final volume
of 45 pL. The subsequent purification using magnetic beads was performed
as described above for the CCaCalpS interaction with E. coli RNAP
experiment, except reaction buffer Y with additives was used instead of
reaction buffer H.

2.2.16. E. coli survivability assays

Spot assay

E. coli ER2566 cells were co-transformed with pCalpS or pCDFDuet-1
(Novogen) plasmid in combination with (i) pETDuet-1 (Novogen), (ii)
pCalpT, (iii) pCalpTaan, (iv) pCalpTiic, or (v) pCalpTspit, plated on LB media
agar plates, supplemented with streptomycin (25 pg/ml), carbenicillin (50
pg/ml) and 1% glucose and grown overnight at 37°C. A single colony of each
variant was selected and cultivated overnight at 37°C in liquid LB
supplemented with streptomycin (25 pg/ml), carbenicillin (50 pg/ml) and 1%
glucose. The overnight cultures were serially diluted in fresh LB media and
then plated onto LB media agar plates supplemented with streptomycin (25
pg/ml), carbenicillin (50 pug/ml) and 0.15 mM IPTG or 1% glucose. Bacteria
were incubated at 37°C for 16 hours. The experiment was performed in
triplicate.
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Time course experiment

Similar to the spot assay, E. coli ER2566 cells were co-transformed with
the appropriate plasmids and the overnight cultures were obtained. The
overnight cultures were diluted 1:200 in the fresh LB containing streptomycin
(25 pg/ml) and carbenicillin (50 pg/ml) and incubated in a 96-well plate for 1
hour at 37°C with shaking. Then 0.1 mM IPTG was added to induce the
protein expression. After induction bacterial growth was measured by
recording ODggo every 10 minutes using the CLARIOstar Plus Microplate
Reader (BMG Labtech). The mean of three biological replicates is presented
for each experiment.

2.2.17. GFP degradation in E. coli assays

GFP degradation in E. coli assays

GFP degradation assays, the plate spot assay and the time-course
measurements, were performed according to (Klimecka et al., 2021) and were
carried out as described below.

Plate spot assay of GFP degradation

E. coli ER2566 cells were transformed with pGFP, pGFP-(wt)CalpT 2n-
degron, pGFP-(mut)CalpT2n-degron, or pGFP-ssrA and plated on LB
medium agar plates, supplemented with carbenicillin (50 pg/ml) and grown
overnight at 37°C. A single colony of each variant was selected and grown
overnight at 37°C in liquid LB supplemented with carbenicillin (50 pg/ml).
The overnight cultures were serially diluted in fresh LB media and then plated
onto LB media agar plates supplemented with carbenicillin (50 pg/ml) and
0.075 mM IPTG. Bacteria were grown at 37°C for 14 hours. Images of GFP-
fluorescing cells on the agar plates were captured using the Amersham
Typhoon Biomolecular Imager (Cytiva). Three biological replicates were
performed.

Time-course measurements of GFP degradation

The overnight cultures (prepared as described for plate spot assay) were
diluted 1:50 with fresh LB supplemented with ampicillin (50 pg/ml) and were
grown to the mid-log phase. GFP-degron expression was induced with 0.005
mM IPTG, and the cell suspension was further cultured overnight at 18°C.
Bacterial cultures were diluted 1:10 in M9 minimal medium supplemented
with 5% (w/v) glucose, 10 pg/ml thiamine, 10 pg/ml biotin, trace elements,
and 100 pg/ml spectinomycin in a 96-well plate. Spectinomycin was used to
stop protein translation. The ODeggo and fluorescence (excitation at A =470 nm;
emission at A =512 nM) were measured every 10 minutes for 12 hours at 30°C
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using a CLARIOstar Plus Microplate Reader (BMG Labtech). Fluorescence
results were normalized first by optical density and then by setting the values
at zero time points to 1. Results represent the mean values of three biological
replicates.
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3. RESULTS AND DISCUSSION
3.1. Regulation of cAg signaling

In 2017, my colleagues in a research group led by Dr. Gintautas Tamulaitis
discovered a cyclic oligoadenylate (cA.) signaling pathway involved in
bacterial antiviral defense (Kazlauskiene et al., 2017). This discovery was
made using a model type IlI-A CRISPR-Cas system from Streptococcus
thermophilus (St) strain DGCC8004. This system comprises adaptation genes
(casl and cas2), a CRISPR array, the cas6 gene encoding the crRNA-
processing protein, interference complex genes (cas10, csm2, csm3, csm4, and
csmb), and two auxiliary CARF-HEPN architecture nucleases (csmé and
csm6”) (Figure 3.1 A) (Tamulaitis et al., 2014).

A S. thermophilus DGCC8004 type Ill-A CRISPR-Cas locus

CRISPR
cas! cas2 array  cas6 cas10 csm2 csm3 csm4  csmb csmé6’ csmb
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Figure 3.1. S. thermophilus type 111-A CRISPR-Cas system. (A) The type IlI-A
CRISPR-Cas locus in the genome of S. thermophilus DGCC8004 strain (GenBank
ID: KM222358.1). Genes of associated effectors csmé’and csm6 are colored blue and
teal. (B) The mechanism of action of S. thermophilus type 111-A CRISPR-Cas system.
The StCsm interference complex binds a phage transcript that is complementary to
the spacer sequence of the crRNA. This binding triggers the enzymatic activities of
the large subunit Cas10: HD nuclease domain starts to degrade ssDNA formed in the
transcription bubble (1), and Palm synthase domain starts to synthesize cA, from ATP
(2). CARF domain of the associated effectors StCsm6 and StCsm6’ binds cAs and this
initiates nonspecific degradation of RNA by activated HEPN RNase domain. The
enzymatic activities of Cas10 are switched off after StCsm complex-bound target
RNA is cleaved by Csm3 subunits (3), however it is not known how the pool of
synthesized cAs and other cA is cleared and cAs signaling is terminated.

Upon viral RNA binding, the interference complex is activated, leading to
the production of cyclic oligoadenylates (CAn, n = 3-6) by the Cas10 subunit
(Figure 3.1 B). These cA; act as secondary messengers to activate auxiliary
ribonucleases. Specifically, StCsm6 and StCsm6' function as non-specific
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RNases that are stimulated by cAgs (Kazlauskiene et al., 2017). Interestingly,
while StCsm6 was activated by cAs, a homologous ribonuclease from
Thermus thermophilus (TtCsm6) responded to cA4 instead (Kazlauskiene et
al., 2017). In addition, it was demonstrated that the cA, synthesis activity of
StCsm is switched-off upon cleavage of the target RNA by the Csm3 subunit
(Kazlauskiene et al., 2017).

In vitro the StCsm complex synthesizes a mixture of cA, from ATP, with
CA; being the major product. However, only the minor synthesis product cAg
was found to activate the StCsm6 RNase (Kazlauskiene et al., 2017). These
results raised several important questions: (i) which cA, are produced in the
bacterial cell? (ii) does the type Il CRISPR-Cas act as an abortive defense
mechanism leading to dormancy or cell death, or are cAn, degraded once their
synthesis is stopped? (iii) if cA, are degraded, what mechanisms regulate their
removal?

A breakthrough came in 2018 when M. White’s group discovered that type
Il CRISPR-Cas systems encode specialized CARF-domain proteins called
CRISPR ring nucleases (Crn), which specifically hydrolyze cAs4
(Athukoralage et al., 2018). This led us to hypothesize that the CARF-HEPN
ribonucleases StCsm6 and TtCsm6 might also degrade cAs or cA4 via their
CARF domains.

To test this, we analyzed whether TtCsm6 could hydrolyze its activator,
CAs (Figure 3.2 A). Initial TtCsm6 experiments were performed by Dr.
Irmantas Mogila. Using high-performance liquid chromatography-mass
spectrometry (HPLC-MS), which was performed by Audroné Ruksénaite, we
found that TtCsm6 converted cAs into linear di-adenylate with a cyclic-2',3’
phosphate (A2>p) after 2 hours. This reaction matched the cleavage pattern of
the Crnl ring nuclease (Athukoralage et al., 2018), confirming that cAs-
activated TtCsm6 can also function as a slow-acting ring nuclease. Our
findings were later corroborated by independent studies showing that both
TtCsm6 and Thermococcus onnurineus Csm6 (ToCsm6) specifically degrade
cAy (Athukoralage et al., 2019; Jia et al., 2019Db).
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Figure 3.2. Ring nuclease activity of cAs-specific TtCsm6 (A) TtCsm6 cAs and cAg
cleavage reactions analyzed by HPLC-MS. Reactions contained 20 uM cAy or cAg
and 0, 100 or 1000 nM wt-TtCsm6 and were incubated for 120 min at 37°C. (B)
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Schematic representation of Csm6 putative ring nuclease activities. The involvement
of HEPN domain in cA, cleavage remains elusive.

Unexpectedly, we also observed that at high protein concentrations,
TtCsm6 can degrade cAs in addition to cAs. Since cAs is too large to fit into
the CARF-domain binding pocket, we hypothesized that Csm6 ribonucleases
could use their HEPN domain to degrade all cA, produced by the type Il
CRISPR-Cas Csm complex (Figure 3.2 B). In support of this, the crystal
structure of ToCsm6 revealed that cA4 binds to both the CARF and HEPN
domains (Jia et al., 2019b). To further investigate the cAs signaling pathway,
its deactivation mechanism, and the role of the CARF and HEPN domains of
StCsm6/StCsm6’ in cA, degradation, we performed a comprehensive analysis
of cA, synthesis and degradation in the cAs-specific S. thermophilus type Il1-
A CRISPR-Cas system.

3.1.1. Production and degradation of cA, in bacteria cells

First, we sought to resolve the discrepancy between the cA, species
produced by the StCsm interference complex and the species that activate the
associated effectors StCsm6 and StCsm6'. Given the possibility that the in
vitro synthesis conditions may not be optimal, and no direct evidence of cA,
production in cells existed, we sought to address the cAn synthesis in a more
natural environment. To this end, we conducted a study on cA, production in
a heterologous E. coli host, henceforth referred to as a cA, production in vivo.
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Figure 3.3. cAn synthesis by StCsm complex in vivo analyzed by HPLC-MS. (A)
Experimental setup. E. coli cells were cotransformed with pCRISPR_Tc, mutant
variant of pCas/Csm (dHD-Cas10, dCsm3, ACsm6’ACsm6) and the target plasmid
pTarget Tc. Cells were grown in liquid LB supplemented with appropriate
antibiotics. The expression of the StCsm interference complex was induced using
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IPTG and samples of the cells were taken at defined time points. Cells were lysed and
extracted metabolites were submitted for HPLC-MS analysis. (B) HPLC-MS analysis
of cAn (n=3-6) production. The amount of cA, in pmol per mg of wet cell culture is
plotted for at least two replicates. The error bars indicate standard deviation between
the at least two replicates.

To examine the population of cA, produced in vivo, we expressed S.
thermophilus type I1lI-A CRISPR-Cas system in E. coli BL21 (DE3)
laboratory strain and used the HPLC-MS technique to analyze the cA,
metabolites (Figure 3.3 A). For expression of S. thermophilus type IlI-A
CRISPR-Cas system, E. coli cells were co-transformed with plasmids
pCas/Csm, pCRISPR_Tc and pTarget_Tc. pCas/Csm encoded genes of the
proteins required for crRNA maturation and the StCsm interference complex
assembly. To avoid the possible toxicity and to increase the detectible cA,
signal, we used pCas/Csm variant, where all enzymatic activities of the StCsm
complex, except that of the Casl0 Palm synthase, have been inactivated by
mutations (D33A in Csm3 subunit - dCsm3, D16A in HD domain of Cas10 -
dHD-Cas10) and the genes of associated effectors csm6’ and csm6 were
removed (ACsm6’ACsm6). The pCRISPR Tc carried a CRISPR array
containing 4 copies of spacer targeting the transcript of tetracycline resistance
gene (TcR) gene, which was produced constitutively from plasmid
pTarget_Tc. The expression of pCas/Csm and pCRISPR_Tc were induced by
adding IPTG. Samples of the E. coli cells were collected before the addition
of the inductor (time point 0 h) and after 1, 4 and 8 hours. The metabolites of
the cells were extracted and submitted to the HPLC-MS analysis. Metabolite
extraction and HPLC-MS were performed by Dr. Jesper F. Havelund and Dr.
Nils J. Feergeman (University of Southern Denmark). The profile of cA,
metabolites revealed that in vivo StCsm interference complex produces
various cA,, from n=3 to n=6 (Figure 3.3 B), and cA, was produced only in
trace amounts. However, in a striking difference to the production profile in
vitro where cAs and cAs were minor products (Kazlauskiene et al., 2017), in
vivo synthesis equilibrium was shifted towards cAs and cAs species (Figure
3.3 B). The amount of cAs and cAs was increasing during the first 4 h post-
induction and reached 22.3 + 4.6 and 12.9 £ 3.8 pmol/mg of wet cell culture,
which translates to 22.3 + 4.6 and 12.9 + 3.8 uM concentration in the E. coli
cell. Notably, at 8 h post-induction the amount of cAs and cAs had slightly
decreased while cAs and cA4 kept increasing (Figure 3.3 B). It is possible that
constant synthesis of cA. results in decrease in total cellular ATP
concentration and this may shift the cAn synthesis reaction equilibrium toward
shorter reaction products. Indeed, a recent in vitro study confirmed that ATP
concentration determines the length of cA, (Jungfer et al., 2025).
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Figure 3.4. Confirmation of cAn synthesis requirements in vivo. (A) HPLC-MS
analysis of cAg synthesis by E. coli cells harboring indicated pTarget, and pCRISPR
variants and expressing the StCsm complex (dCsm3, dHD-Cas10, ACsm6'ACsm6)
with intact Palm-Cas10 (filled circle) or deficient dPalm-Casl0 domain (empty
circle). Plasmid pTraget Tc™!encodes the TcR with mutated 3'-flanking sequence of
the Tc target so that it is complementary to the 5'-handle of crRNA of the StCsm
complex. Plasmid pTarget_ctrl does not contain the TcR gene. The cAs signal is
plotted for two replicates. The error bars indicate the standard deviation between the
two replicates. (B) Schematic representation of the requirements for cA, synthesis: (i)
spacer sequence of crRNA must be complementary to the target RNA, (ii) the 3'-
flanking sequence of the target RNA must not base-pair with the 5’-handle of crRNA
and (iii) Cas10 in the effector complex must contain an intact GGDD-active site in
the Palm domain.

Next, we employed cA, production in vivo assay to confirm the cA,
synthesis requirements that were previously established in vitro for S.
thermophilus and other type 111 systems (Han et al., 2018; Kazlauskiene et al.,
2017; Nasef et al., 2019; Niewoehner et al., 2017; Rouillon et al., 2018). We
used our in vivo assay with pCas/Csm variants: (i) dCsm3, dHD-Casl10,
ACsm6'ACsm6 or (ii) dCsm3, dHD-Cas10, dPalm-Cas10, ACsm6'ACsm6;
and pTarget variants: (i) Tc, Tc™* or ctrl. Plasmid pTarget_Tc™! encodes the
TcR with mutated 3'-flanking sequence of the Tc target so that it is
complementary to the 5’-handle of crRNA of the StCsm interference complex.
Plasmid pTarget_ctrl does not contain the TcR gene. By monitoring the
production of cAs in vivo we corroborate the findings that (i) spacer sequence
of crRNA must be complementary to the target RNA, (ii) the 3'-flanking
sequence of the target RNA must not base-pair with the 5'-handle of crRNA
and (iii) Cas10 in the effector complex must contain an intact GGDD-active
site in the Palm domain (Figure 3.4).

Additionally, we tested whether the cAs signaling pathway is induced in
response to phage infection. We targeted StCsm interference complex against
RNA coliphage MS2 by changing the spacers in the pCRISPR plasmid. We
induced the expression of type S. thermophilus 111-A CRISPR-Cas system and
infected those cells with the phage. Cells were collected 16 hours post-
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infection and the presence of the main activator cAs was analyzed using
HPLC-MS (Figure 3.5 A). As expected, accumulation of cAs was observed in
the cells carrying the MS2 targeting spacer (Figure 3.5 B), demonstrating that
the exogenic nucleic acid which triggers the production of cA, by the type I11-
A CRISPR-Cas system may also derive from a phage.
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Figure 3.5. cAs synthesis in response to phage infection. (A) Experimental setup.
E. coli cells were co-transformed with MS2 phage targeting pCRISPR_MS2 and
mutant variant of pCas/Csm (dHD-Cas10, dCsm3, ACsm6’ACsm6). The expression
of the StCsm complex was induced using IPTG and phage suspension was added.
Samples of the infected cells were taken at 16 h time point. Cells were lysed and
extracted metabolites were submitted for HPLC-MS analysis. (B) HPLC-MS analysis
of cAgs production by StCsm complex in response to MS2 phage infection. The cAs
signal is plotted for two replicates. The error bars indicate the standard deviation
between the two replicates.

Next, we addressed the main question: could StCsm6 or/and StCsmé’ be
involved in degradation of the cAg activator similar to the cAs degrading
TtCsm6 and ToCsmé6 (Athukoralage et al., 2019; Jiaet al., 2019b). To get first
insights, we monitored the production of cA, in vivo in the cells expressing S.
thermophilus type III system together with StCsm6’ and StCsm6 and
compared the results with the production in cells lacking the associated
effectors as used in previous experiments (Figure 3.3 B). E. coli cells
expressing StCsm6' and StCsm6 exhibited drastically reduced levels of cAe
(Table 3.1), suggesting that these proteins might possess ring nuclease
activity. Moreover, the levels of other cA, were also diminished (Table 3.1),
implying that StCsm6 and StCsm6’ proteins may be responsible for the
degradation of all cA, species in the cells.

Taken together, the analysis of cA, metabolites in E. coli cells
demonstrates that in response to exogenic nucleic acids, that derive from a
phage infection or from a constitutively transcribed gene in the plasmid, the
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S. thermophilus type 111-A CRISPR-Cas system produces signaling molecules
in the heterologous host. Production in vivo follows the requirements
established in vitro, but the distribution of cA, products differs. Furthermore,
the expression of StCsm6 and StCsmé6’ drastically reduces levels of cAs and
other cAn.

Table 3.1. HPLC-MS analysis of cAn amount changes over time in vivo in the
absence (A) or presence of StCsm6 and StCsmé6’ encoding genes. Data represents
mean values of at least two replicates + standard deviation; n.d. — no signal detected
in the sample.

. cAn amount, pmol/m
CAn time, h = P g

AStCsm6’AStCsm6 StCsm6’, StCsm6
0 0.24 £0.15 0.000 + 0.001
As 1 0.94£0.20 0.005 = 0.007
4 151 +£0.56 0.002 £ 0.003
8 2.87 £0.68 0.017 £ 0.007
0 0.39£0.10 n.d.
A 1 1.62 £0.13 0.003 = 0.005
4 3.88+1.18 n.d.
8 9.78 £1.57 n.d.
0 0.04 £0.03 n.d.
As 1 1.58 £ 0.004 n.d.
4 22.33£4.58 n.d.
8 17.89 £ 4.05 n.d.
0 0.12 £0.07 0.126 £0.178
A 1 2.80+£0.88 0.005 + 0.007
4 12.91 +3.80 n.d.
8 9.79 £1.07 n.d.

3.1.2. Cleavage of cAg by StCsm6 and StCsmé6' in vitro

To thoroughly characterize cAs cleavage by StCsm6 and StCsm6’ proteins
in vitro we were in need of easily detectable substrate such as radiolabeled
cAs or/and other cA, variants. Since HPLC-MS analysis of cA, produced in
E. coli cells revealed a difference in the cA, profile when compared to the in
vitro experiments (Figure 3.3 B) (Kazlauskiene et al., 2017), this suggests that
discrepancies in the size distribution could arise due to different reaction
conditions. Therefore, we reevaluated cAs synthesis in vitro. Synthesis
reactions were conducted using different molar ratios of the StCsm complex
and target RNA, different reaction buffer compositions, and either Co?* or
Mg?* ions as cofactors. The HPLC-MS analysis of reactions revealed a shift
in the cA, size distribution profile towards a larger ring size and ultimately to
cAgs in the presence of target RNA excess and Mg?*. Prolonged incubation of
the StCsm complex with ATP resulted in a slight increase in the yield of cAs
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and cA4 (Figure 3.6), which is in line with the in vivo data (Figure 3.3 B). This
and all subsequent HPLC-MS analyses were performed by Audroné
Ruksénaité.
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Figure 3.6. Optimization of the cAs synthesis conditions. The HPLC-MS analysis
of cA, produced by StCsm interference complex in vitro. Reactions were performed
using wt or dCsm3-StCsm complex at StCsm:target RNA molar ratio 1:1 or 1:50 in
indicated reaction buffer supplemented with indicated metal ion cofactor. Reactions
were performed for either 1 or 16 hours.

Using optimized synthesis conditions, we produced radiolabeled cAs and
incubated it with purified StCsm6 and StCsmé6' proteins. In the absence of
divalent metal ions both proteins degraded radiolabeled cAs, generating faster
migrating products in denaturing PAGE (Figure 3.7 A). By employing the
HPLC-MS analysis we identified that in both cases the cAs cleavage reaction
yielded a mixture of three products, namely (i) 2',3’-cyclic AMP (A>p), (ii)
terminal 2’,3'-cyclic phosphate-containing linear di-adenylate (A>>p) and (iii)
terminal 2’,3'-cyclic phosphate-containing linear tri-adenylate (As>p) (Figure
3.7 B). Formation of linear cyclic-2',3’ phosphate products are not surprising
since cyclic-2',3" phosphate products are usually generated by other metal
independent RNases (Carte et al., 2014; Yang, 2011) as well as by CARF
domain containing cA. ring nucleases (Athukoralage et al., 2019, 2018; Jia et
al., 2019b).

StCsm6 and StCsm6’ are structural homologues and show ~34% amino
acid identity (Kazlauskiene et al., 2017; Tamulaitis et al., 2014). However,
StCsm6’ appears to be a shorter version comprising 386 aa, while StCsmé is
composed of 428 aa. Given that both proteins exhibited similar activity on the
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CAs substrate, subsequent in vitro investigation was performed only on a
longer homolog, StCsm6, for the sake of simplicity.

A B ¢As control cAg control

wt-StCsm6 wt-StCsm6' cAg + wt-StCsm6 cAg + wt-StCsm6'’
1 Imin  x10° A>p ﬁ'ﬁlﬁq x10°
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Figure 3.7. Cleavage of cAs by StCsm6 and StCsm6’ (A) cAs cleavage by StCsm6
and StCsm6’ analyzed by denaturing PAGE. Reactions contained 50 nM of labeled
cAgs and 10 nM of protein. (B) cAs cleavage by StCsm6 and StCsm6' analyzed by
HPLC-MS. cAs control depicted in light red. The 90 min reactions contained 20 uM
of cAs and 0 or 10 nM of protein.

3.1.3. Activity of isolated CARF and HEPN domains of StCsm6

StCsmé6 is comprised of two functional domains: CARF and HEPN
connected by a-helical 6H domain. Since Crn enzymes, which are composed
of CARF domains, and the CARF domain of some cAs-dependent effectors
cleave the cAy activator (Athukoralage et al., 2019, 2018; Jia et al., 2019b),
we hypothesized that the CARF domain of StCsm6 has a similar function in
CAs cleavage. On the other hand, the HEPN domain is an RNase, exhibiting a
preference for the degradation of single-stranded RNA at AA or GA
dinucleotides (Kazlauskiene et al., 2017). Consequently, it is plausible that
HEPN domain may also be capable of degrading cAs. Furthermore, a drastic
reduction of other cA, species was observed in E. coli cells in the presence of
StCsm6 and StCsmé6’ proteins (Table 3.1). This may be attributed to the RNase
activity of HEPN domain.

First, to establish which domain is responsible for the cleavage of the
activator cAs, we engineered and purified individual CARF (1-169 aa) and
HEPN (172-428 aa) domains of StCsm6 (Figure 3.8 A). Similarly to a full
length StCsm6 protein which is a dimer in solution (Kazlauskiene et al., 2017),
isolated CARF and HEPN domains remained dimers (Figure 3.8 B). Domain
separation and the evaluation of the oligomeric state were performed by
Augusté Rimaité. Furthermore, the isolated HEPN domain retained residual
RNase activity that is comparable with wt-StCsm6 in the absence of cAs
activator (Figure 3.8 C). As expected, no nonspecific RNase activity was
detected for isolated CARF domain (Figure 3.8 C).

Further, we submitted the isolated domains to the cAs degradation assay.
Both CARF and HEPN domains were able to degrade radiolabeled cAs
(Figure 3.9 A and B). Under single turnover conditions the CARF domain was
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more efficient at degrading cAs than the HEPN domain (Figure 3.9 A), this
may be attributed to the only residual activity of HEPN as observed in the
RNA degradation assay (Figure 3.8 C).

A ) 31\\*351 B CARF domain
o g Mw =39.0 kDa
I : CARF . 6H I HEPN H |6H| 006 (dimer theor.)’ 1000
wt-StCsmé6 full legth (428 aa) i §
AL ‘\ff\%g‘ o 3
Y CARF 6H HEPN £ 6H £0:04 100
b= [ I i ) S g
CARF domain HEPN domain § 2
(1-169 aa) (172-428 aa) 2 0.02 a
> 10 ‘6
(o3 ° ° o o O wt-StCsm6 > 0 L L L L o
o 1) PY o) O HEPN 6 8 ‘10 12 14 16
o o o ° O CARF Elution volume, ml
0] e} o o ® dHEPN :
o . o o O cAs HEPN domain
_ e ——] —min 006 Wamer heor)= 60.0kDa 4009
O Or®m Oc®m 0B 08 S ’ <
‘ “‘ “ - .‘. .‘—RNAsubstrate w_ - %
$0.04 MW ¢,p)= 58.1 kDa | 100 &
) o
@ =
Qo
=3 3
o
é 0.02 §
& -& > 10 =
4 5 54

o

9 10 11 12 13 14 15
Elution volume, ml

Figure 3.8. Biochemical characterization of isolated CARF and HEPN domains
of StCsmé. (A) Schematic illustration of wt-StCsmé6 protein and its CARF (1-169
aa) and HEPN (172-428 aa) domains. Residues important for activity are indicated.
(B) Size-exclusion chromatography analysis of the CARF and HEPN domains. The
experimental molecular weights were calculated based on the size markers: BSA (67
kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa) and ribonuclease A (13.7
kDa). (C) Comparison of RNase activity of isolated domains with wt-StCsm6 and cAs
activated wt-StCsmé6. The reactions contained 10 nM a32P-labelled RNA substrate,
and 10 nM protein and 10 nM cAg if indicated. Reaction products were analyzed by
denaturing PAGE. Protein concentration of 10 uM was used in the case of dHEPN
(an isolated HEPN domain with R371A-H367A mutations).

We predicted the putative active site of CARF domain by aligning the
sequences of the Csm6 homologues and by superposing StCsm6 CARF
domain model (Kazlauskiene et al., 2017) with known cAs specific ring
nuclease activity possessing T. onnurineus Csm6-cAs structure (PDB ID:
606V) (Jiaetal., 2019b) (Appendices 8 and 9). We identified that D12 residue
of StCsm6 is located near the cyclic oligoadenylate, and this residue is
absolutely conserved in the Csm6 homologues (Figure 3.9 C). D12A mutation
(dCARF variant) completely abolished the cAs hydrolysis activity of the
CARF domain (Figure 3.9 A), indicating that this residue is crucial for cAg
cleavage. Mutations of the HEPN active site residues R371A and H376A
(dHEPN variant) required for RNase activity (Kazlauskiene et al., 2017)
dramatically impaired hydrolysis of both cAs (Figure 3.9 A) and linear RNA
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(Figure 3.8 C), indicating that the same active site in the HEPN domain is
responsible for cAs and linear RNA cleavage.
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Figure 3.9. The cleavage of cAs by isolated CARF and HEPN domains. (A)
Hydrolysis of cAs by isolated wt CARF and HEPN domains and their mutant dHEPN
(R371A, H376A mutations) and dCARF (D12A mutation) variants performed under
single turnover conditions ([S]<[E]). Reactions contained 50 nM of labeled cAs and
1 uM of CARF or dCARF and 10 uM of HEPN or dHEPN. Reaction products were
analyzed by denaturing PAGE. (B) Hydrolysis of cAg by isolated CARF and HEPN
domains under multiple turnover conditions ([S]>[E]). Reactions were performed
using 1 uM of the CARF and HEPN domains, 50 nM labeled cAg and 10 uM of non-
labeled cAs. Hydrolysis products were analyzed by denaturing PAGE. (C) Multiple
sequence alignment of the CARF domain fragment (1-20 aa) of Csm6 homologs.
Amino acids of the loop located close to the predicted cAs binding site (residues 8-
14) are underlined in green. A star indicates an absolutely conserved D residue. For
the full alignment refer to the Appendix 8 (D) Analysis of the cAg cleavage products
by HPLC-MS. Hydrolysis reactions were performed by mixing 20 uM cAs and 1 uM
CARF or 10 pM HEPN domain and incubating for indicated time.

Since precise cleavage products cannot be identified in a denaturing 24%
PAG, we analyzed reaction products generated by the CARF and HEPN
domain-mediated cleavage of cAs by HPLC-MS (Figure 3.9 D). The analysis
revealed that the CARF domain converts cAs to As>p final product. At the
shorter reaction time (10 min) some linear As>p intermediate is also present
in the reaction mixture but is further cleaved by CARF domain into the final
reaction product, Az>p. Presumably, each monomer of homodimeric CARF
domain cleaves cAg producing As>p, similarly to the CARF ring nucleases
and self-limiting CARF effectors that split cA4 into two A2>p (Athukoralage
etal., 2019, 2018; Jia et al., 2019b). Since some intermediate product As>p is
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observed in the reaction mixture, the reaction may occur non-concertedly.
This is also in line with the characterized cA4 cleaving enzymes (Athukoralage
etal., 2019, 2018; Jia et al., 2019b).

Unlike the CARF domain which produces a single final cleavage product
As>p, the HEPN domain degraded cAs into a mixture of As>p, As>p, As>p,
A>p and A>p oligoadenylates (Figure 3.9 D). This product mix may be
attributed to the RNase activity of the HEPN domain, which preferentially
cleaves at AA and AG dinucleotides (Kazlauskiene et al., 2017), explaining
the formation of A,>p of various lengths. Together, this shows that both
StCsm6 domains degrade cAs but generate different cleavage products.
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Figure 3.10. Hydrolysis of cAn mix by the isolated CARF and HEPN domains.
(A) HPLC-MS analysis of cA, hydrolysis reactions. Reactions contained
approximately 30 uM cA,, 10 nM wt-StCsm6 or 1 pM CARF domain or 10 pM HEPN
domain and were incubated for 16 h or 90 min in case of wt-StCsm. (B) RNA
hydrolysis by wt-StCsm6 in the absence or presence of cAs or cAs. Reactions
contained 10 nM protein, 10 nM radiolabeled RNA and 100 nM cAg or cAs. Samples
were analyzed by denaturing PAGE.

Furthermore, in E. coli cells expressing StCsm6 and StCsmé’, not only cAs
levels were dramatically reduced, but also the levels of all cA, (Table 3.1),
suggesting that StCsm6 is capable of degrading different cA, produced by the
StCsm interference complex. Indeed, in vitro wt-StCsm6 degraded cAn
mixture into A>>p and some A>p products (Figure 3.10 A). Therefore, we
further tested the activity of isolated CARF and HEPN domains on the mixture
of cAn. Since the HEPN domain lacked allosteric activation, the reaction
occurred poorly, but the HEPN domain was still able to linearize/cleave all
CA species (Figure 3.10 A). In line with cAs cleavage experiments (Figure
3.9 D), the isolated CARF domain converted cAs to As>p in the mixture of
CAn (Figure 3.10 A). Nevertheless, it failed to cleave cAs and cA4 (Figure 3.10
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A). Surprisingly, the CARF domain was able to linearize cAs to As>p (Figure
3.10 A). It is possible that cAs can adopt a conformation that allows the
binding to the CARF domain. However, the ring of cAs is not symmetrical
and only one phosphodiester bond that is positioned correctly in the ring
nuclease active site can be hydrolyzed linearizing cAs. However, cAs did not
activate RNase activity of wt-StCsm6 (Figure 3.10 B), implying that the
linearization of cAs by the CARF domain is not an intended reaction for
regulation. Therefore, we can conclude that the CARF domain possesses a
cAs-specific ring nuclease activity, while HEPN domain degrades cAs and
other cA, as a result of its RNase activity.

3.1.4. The role of CARF and HEPN in full-length StCsm6

Next, we examined a possible allosteric connection between the CARF and
HEPN domains in cAg degradation by full-length StCsmé protein. To dissect
possible allosteric interactions between the domains, we first compared cAs
cleavage by wt-StCsm6 and mutant variants dCARF-StCsm6 and dHEPN-
StCsm6, which carried a D12A mutation in CARF or R371A and H376A
mutations in the HEPN active site, respectively (Figure 3.11 A and B).

Under single turnover ([S]<[E]) conditions, dAHEPN-Csm6 cleaved cAg¢ at
a rate (Kops= 0.27 + 0.10 min1) that was comparable to that of wt-StCsm6
(kobs= 0.19 + 0.04 min™t) and about 2-fold slower than that of the isolated
CARF domain (ko= 0.47 + 0.18 min™?) (Figures 3.11 A and 3.9 A),
suggesting that at low cAs concentrations, the CARF domain functions as a
ring nuclease, and the contribution of the HEPN domain to cAs degradation is
negligible. Indeed, under the same conditions, the dCARF-Csm6 variant
barely cleaved cAsg, similarly to the isolated HEPN domain (Figures 3.11 A,
3.9 A). Low cAs degradation of dCARF-Csm6 variant may be caused by a
preferential binding of cAs to the CARF domain and poor binding of cAg to
the HEPN domain. Since we were unable to determine cAg binding affinity by
the HEPN domain directly, we evaluated cAg binding using an RNA cleavage
competition assay. We mixed full-length wt-StCsm6 and substrate RNA at a
1:1 ratio, and measured RNA cleavage rate (Kobs) in the presence of increasing
concentrations of cAs (Figure 3.11 B). At low cAg concentrations, wt-StCsm6
hydrolyzed RNA very slowly because cAs concentrations were too low to be
bound by the CARF domain and therefore the HEPN domain was not
allosterically stimulated. However, the RNA hydrolysis rate increased at 10
nM of cAs, implying cAs binding to the CARF domain and allosteric
activation of the RNase activity of the HEPN domain. Further increase of cAs
concentration up to 10 uM did not appear to affect the RNA hydrolysis rate
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and inhibition of RNA hydrolysis was observed only at cAs concentrations
above 100 pM (Figure 3.11 B), suggesting that HEPN has lower binding
affinity for cAs than linear ssSRNA.
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Figure 3.11. Hydrolysis of cAs by the full-length StCsm6 variants. (A) cAs
hydrolysis under single turnover ([S]<[E]) and multiple turnover ([S]>[E]) conditions
analyzed by denaturing PAGE. Single turnover reactions contained 50 nM labeled
cAs and 1 uM of wt-StCsm6, dHEPN-StCsm6 or dCARF-Csm6. Multiple turnover
reactions were supplemented with an additional 10 pM non-labeled cAs. (B) RNA
hydrolysis competition assay. RNA hydrolysis rate of wt-StCsmé (10 nM labeled
RNA, 10 nM StCsm6) was monitored in the presence of increasing concentration (0—
500 uM) of cAs. The mean values of the reaction rate constants (Kops) are depicted.
The error bars indicate standard deviation of three experiments. (C) Dependence of
RNA hydrolysis by dCARF-StCsm6 on cAs concentration. Reactions contained 10
nM protein, 10 nM radiolabeled RNA and 0-1000 nM cAs. Reactions containing wt-
StCsmé served as a control. Samples were analyzed by denaturing PAGE.

Under multiple turnover ([S]>[E]) conditions wt-StCsm6 rapidly degrades
cAs With a turnover rate of >20 min~* (Figure 3.11 A). It is likely that at high
concentrations cAg binds both to the CARF and HEPN domains, thereby
allosterically activating effective degradation of cAs by the HEPN RNase
activity. In contrast, isolated CARF domain and dHEPN-StCsm6 variant
cleaved cAg slower (ke <0.1 min™t), suggesting that activated HEPN is a
much more efficient ring nuclease than CARF. The dCARF-StCsm6 mutant
degraded cAg faster than isolated HEPN domain (Figures 3.9 B and 3.11 A),
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indicating that cAs binding but not cleavage at the CARF domain is required
for allosteric activation of the HEPN nuclease. The slower cAg cleavage by
the dCARF-StCsm6 mutant as compared to wt-StCsm6 may result from
compromised cAg binding affinity, caused by the D12A mutation in the CARF
domain. In agreement, an increased cAs concentration (up to 300 nM) was
required for activation of RNA degradation by the dCARF-StCsm6 mutant
(Figure 3.11 C).

Taken together, our results demonstrate that the CARF domain is relatively
slow but cAe-specific ring nuclease, whereas the HEPN domain, upon
allosteric activation, exhibits potent RNase activity and degrades ssSRNA and
cAs present in high concentrations.

3.1.5. Regulation of type I11-A CRISPR—Cas immunity by StCsm6

Evaluation of cA, production by StCsm complex in E. coli cells and
analysis of StCsm6 ring nuclease activities in vitro allowed us to update the
model of S. thermopilus type 111-A CRISPR-Cas immunity by elucidating the
regulation of cAs signaling pathway (Figure 3.12). At an early infection stage,
in response to the target RNA binding the StCsm interference complex starts
to produce cA, of various ring sizes. The cAg acts as a secondary messenger
that allosterically activates RNase activity of StCsm6 through binding at the
sensory CARF domain. This initiates RNA degradation. The sensory CARF
domain also functions as a ring nuclease that slowly converts cAs to As>p
thereby switching off the activity of HEPN nuclease. This would provide a
"timer" mechanism for the HEPN domain activity control.

(1) Cas10.HD inactive
) . x 3 Csm6 w @)
~ Slow cAg
¥ W ERF hydrolysis
degradation HEPN " I i
2 (ol o
(2) Cas10.Palm 1Y 4 AL hydrolysis
- 1
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NNV Csm6 '
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Figure 3.12. An updated interference mechanism of S. thermophilus type 111-A
CRISPR-Cas system. Recognition of the invasive transcript by the StCsm
interference complex triggers enzymatic activities of the large subunit Cas10: HD
nuclease domain starts to degrade ssDNA formed in the transcription bubble (1), and
Palm synthase domain starts to synthesize cA, from ATP (2). CARF domain of the
associated effector StCsm6 binds cAs and this initiates nonspecific degradation of
RNA by the activated HEPN RNase domain. The StCsm6 activation is regulated by
CARF domain which acts as cAs-specific ring nuclease that slowly converts cAg into
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linear As>p. Moreover, cleavage of the target RNA by Csm3 subunit of StCsm
complex (3) switching off cA, synthesis and accumulated cA, are degraded by cAs-
activated HEPN domain thereby restoring the pre-infection cell state.

Although the activated HEPN domain shows a clear preference for RNA
over cA,, it can switch to cA, degradation at low RNA and high cyclic
oligoadenylate concentrations, presumably during the later stages of phage
infection when local RNA concentration decreases and cA, concentration
increases. After cleavage of the foreign transcript by the StCsm interference
complex and the dissociation of cleavage products, the Cas10 subunit is
switched off and cA, synthesis is terminated, while accumulated cA, are
degraded by cAg-activated HEPN domain. Thus, the signaling molecules are
eliminated and the signaling pathway is shut down. Such a self-regulation
mechanism would prevent the cell death and ensure the recovery of the host
in the post-infection stage. Indeed S. thermophilus type IlI-A system,
activation of auxiliary effectors, StCsm6 and StCsm6', is sufficient and
essential for maintaining immunity against phage infection without killing the
cell (K. A. Johnson et al., 2024).

3.1.6. Structural insights into cAs cleavage

HEPN CARF

Figure 3.13. Stabilization of the “catalytic loop”. (A) Structure of cAs bound
StCsm6’ PDB ID: 8PE3 (McQuarrie et al., 2023). StCsmé’ is a dimer, monomers
comprising a dimer are colored pink and purple. (B) Close up view of the catalytic
loop (green) of CARF domain of StCsm6'. The side chain OH group of T11 forms
hydrogen bond with OH group of scissile phosphate, N10 main chain amide interacts
with 2’-OH of the ribose (yellow dotted lines). The side chain of D12 may form
stabilizing hydrogen bonds with main chain amide of G9 or with side chain of
conserved S106 (cyan dotted lines).

In parallel with our study, on which Chapter 3.1 is based, the article
reporting the crystal structure and the cAs cleavage by Enterococcus italicus
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Csm6 (EiCsm6) was published (Garcia-Doval et al., 2020). In addition, a
comprehensive structural characterization of StCsm6' was reported following
our study (McQuarrie et al., 2023). In general, the results of both studies on
Csm6 homologues are in line with our findings. It was confirmed that both
CARF and HEPN domains are involved in cAs degradation, with the major
contribution, at low cAg concentrations, being the CARF ring nuclease activity
(Garcia-Doval et al., 2020; McQuarrie et al., 2023).

In addition, the structures of activator-bound StCsm6’ and EiCsm6 suggest
the mechanism of cAs cleavage by the CARF domain. The protein itself does
not promote cAs cleavage by deprotonation of the nucleophile or protonation
of the leaving group and the cAs cleavage is thought to be mediated by steric
factors that force the ligand to adopt a conformation compatible with in-line
nucleophilic attack of the ribose 2’-OH on the scissile phosphate (Garcia-
Doval et al., 2020; McQuarrie et al., 2023).

Interestingly, a conserved residue D12, which we have mutated and
observed inactivation of the ring nuclease activity of the CARF domain of the
StCsm6, does not form direct contact with cAs in homologous proteins
(Garcia-Doval et al., 2020; McQuarrie et al., 2023). However, D12 is a part of
the conserved G-X-[T/S]-DP motif (Figure 3.9 C) present in a loop following
the first beta strand of the CARF domain (8-14 aa), hereafter referred to as the
catalytic loop. In the StCsm6’-cAs structure the catalytic loop residues N10
and T11 form hydrogen bonds with cAs utilizing main chain or ride chain
atoms, respectively (McQuarrie et al., 2023). These contacts probably force
the cAg into appropriate conformation for hydrolysis, thus, the conformation
of the catalytic loop might be the driving force for the catalysis. D12
potentially could be a key player in keeping the catalytic loop in place as D12
may form hydrogen bonds with the main chain amide of G9 or the side chain
of conserved S106 (S112 in EiCsm6; S105 in StCsmé6) (Figure 3.13), these
bonds could be essential in stabilizing the catalytic loop. This would explain
our observation that upon mutating D12 to alanine the CARF domain loses its
ring nuclease activity (Figure 3.9 and 3.11). Furthermore, S105A mutation of
StCsm6 (would correspond to S106 in StCsm6’ and S112 in EiCsmé6) has been
reported to diminish the cAs binding (Kazlauskiene et al., 2017), further
supporting the possible stabilization of the catalytic loop by hydrogen bond
between aspartate and serine.

3.2. The mechanism of a tripartite effector

In recent years, numerous new type Il CRISPR-Cas CARF-effectors have
been characterized (reviewed in Chapter 1.1.3), with even more predicted
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through bioinformatics (Altae-Tran et al., 2023; Hoikkala et al., 2024;
Makarova et al., 2020a). Among them, CARF-nucleases remain the most
extensively studied, while the molecular mechanisms of SAVED-domain
effectors have remained largely unexplored.

As a second focus of my doctoral studies, we investigated the protease
Lon-SAVED effector together with two additional proteins encoded by the
same operon in the type IlI-A CRISPR-Cas system of Candidatus
Cloacimonas acidaminovorans (CCa).
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Figure 3.14. Proposed mechanism of the Sulfurihydrogenibium spp. type 111-B
CRISPR-Cas associated tripartite effector CalpL-CalpT-CalpS. Detection of the
invader RNA triggers cA4 synthesis by the type 111-B CRISPR-Cas complex. Binding
of cA4 to the SAVED domain of SsCalpL triggers the protease activity of the Lon
domain. Activated SsCalpL cleaves the anti-c factor CalpT within the SsCalpT-CalpS
heterodimer. This cleavage somehow leads to the release of the ¢ factor SsCalpS to
bind DNA-directed RNA polymerase (RNAP).

During our study Rouillon et al. characterized a homologous effector from
Sulfurihydrogenibium spp. YO3AOP1 (Ss) (Rouillon et al., 2023). They
identified a Lon-SAVED protein, named CalpL (CRISPR-Cas associated Lon
protease), as part of a tripartite effector system, together with the anti-c factor
CalpT and the ECF-like o factor CalpS. They showed that upon activation by
CA4, SsCalpL protease cleaves SsCalpT to release the ¢ factor SsCalpS, which
then binds to RNA polymerase (RNAP) and alters gene expression (Figure
3.14) (Rouillon et al., 2023). However, the mechanism of CalpT cleavage by
CalpL, the sequence of events leading to the release of CalpS once CalpT is
cleaved, and the regulation of this tripartite system remained unresolved.

To address these gaps, we conducted an in-depth characterization of
CalpL-CalpT-CalpS system from Candidatus Cloacimonas acidaminovorans
(CCa), with a particular focus on its regulatory mechanism.

96



3.2.1. CCaCalpL-CalpT-CalpS effector system

A Candidatus Cloacimonas acidaminovorans str. Evry
cas genes (type llI-A)
T 1
© IO "o
& cast0 o”@e@& 05@096\

3 4 5
N CARF- NN
0@@ ADA capl. & &

casicas2 CRISPR array

RS04050 RS04055 RS04060 @\Q @@
S S
QT

B 502 C

1kb

120 86 218 506 ® O © O wtCCaCalpL
CCaCalpL Lon SAVED © e o o CCaCalpT-CalpS
P - I o O e O CCaCalpT
Sulfurihydrogenibium sp. CalpL kba M o © C e CCaCalpS
227 263 200150
149 143 1241+ 299 198.%[5)
CCaCalpT |__| MazF | | szl |l 0
40 == -
SsCalpTyq 30 — —
236 25
1 57 i 270 20
ccacaips [ aimsor ] 15
D CCacCalpL CCaCalpT-CalpS CCaCalpT CCaCalpS s
MWinoor)= 59.7 kDA MWeor)= 72.3 kDa MWnoors= 38.5kDa  MWpery= 37.0 kDa %10
5 1.2, 1.6 =
«© o
T [v]
g o8 1.2 E_’
g 083
o
s 71.5 kDa 41.8 kD 3
2 04 57.9KDa 38.0 kDa 8 kba 5
© 040
A 2
2 0 ' 0.0

36 40 44 48 36 40 44 48 36 40 44 48 36 40 44 48
Time, min

Figure 3.15. Tripartite effector system encoded by Ca. Cloacimonas
acidaminovorans. (A) Schematic representation of the Ca. Cloacimonas
acidaminovorans type 111-A CRISPR-Cas locus (NCBI ID: NC_020449.1). Effector
protein genes are colored blue. The pink background highlights genes of the calpL-
calpT-calpS effector system. (B) Schematic representation of CCaCalpL, CCaCalpT,
and CCacCalps proteins with regions of homology identified using HHpred. (C) SDS-
PAGE of purified wt-CCaCalpL, CCaCalpT-CalpS (CalpS C-tagged), CCaCalpT (C-
tagged), CCaCalpS (C-tagged) proteins. M, protein molecular weight marker. (D)
SEC-MALS analysis of purified proteins: CCaCalpL (C-tag removed by TEV),
CCaCalpT-CalpS (C-tag on CCaCalpS), CCaCalpT (C-tag), and CCaCalpS (C-tag).

The type I11-A CRISPR-Cas system of Ca. C. acidaminovorans possesses
an extended arsenal of auxiliary effectors. It encodes a characterized cAs-
activated auxiliary effector Camil (Mogila et al., 2023), a homolog of Cadl
(Baca et al., 2024a; Li et al., 2025), and a homolog of the tripartite effector
that we were interested in (Rouillon et al., 2023) (Figure 3.15 A). The
homology search confirmed that CLOAM_RS04060 encodes a Lon-SAVED
fusion protein (Figure 3.15 B), which shares 26.5% identity and 46.6%
similarity in amino acid sequence with SsCalpL, thus named CCaCalpL.
Correspondingly, CLOAM_RS04065 and CLOAM_RS04070 were confirmed
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to encode CCaCalpT (CCaCalpT, 42.7% similarity to SsCalpT) and
CCaCalpS (CCaCalpS, 33.9% similarity to SsCalpS). We obtain the
components of the CCaCalpL-CalpT-CalpS effector system by expressing the
CCaCalp proteins and purifying them from E. coli (Figure 3.15 C).
Subsequent SEC with multi-angle light scattering (SEC-MALS) analysis
revealed that individually purified CCaCalpL, CCaCalpT and CCaCalpS are
monomers in solution, but co-expressed together CCaCalpT and CCaCalpS
form a stable heterodimer (Figure 3.15 D).
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Figure 3.16. Identification of CCaCalpL activator and CCaCalpT cleavage
position. (A) Composition of purified CCaCsm interference complex. Protein
composition of the complex was analyzed by SDS-PAGE and Coomassie staining
(left). M, protein molecular weight marker. Nucleic acid co-purifying with the
complex was analyzed by denaturing PAGE and staining with SybrGold (right). M,
DNA oligonucleotides of a known length, used as length markers. (B) The HPLC-MS
analysis of cA, produced by the CCaCsm complex in the presence of target RNA. (C)
CCacCalpL protease activity analyzed by SDS-PAGE and Coomassie staining. 120
min reactions contained 5 uM CCaCalpL (wt or mutant), 5 uM CCaCalpT-CalpS and
0 or 25 uM cA4 or cAs. (D) Identification of the CCaCalpL cleavage site within the
CCacCalpT. Reaction products were analyzed by SDS-PAGE and Coomassie staining
and by HPLC-MS. Depiction of CCaCalpT cleavage site in polypeptide chain is
shown at the bottom.

As we sought to identify the activator recognized by the SAVED domain
of CCaCalpL, we first examined cA, production by the native CCaCsm
complex in vitro. We expressed the CCaCsm interference complex in E. coli
and purified it by affinity chromatography (Figure 3.16 A). Although the
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purified complex lacked the Csm5 subunit, which is important for the target
RNA binding (Mogila et al., 2019), and contained an unmature 72 nt crRNA,
in the presence of a high target RNA concentration (10 uM), the complex
synthesized cAs and cAs, with the major product being cA4 (Figure 3.16 B).
In accordance, cA4 has been previously found to activate CCaCamil - one of
Ca. C. acidaminovorans effectors (Mogila et al., 2023). However, since
different accessory effectors can be activated by different cA, in the same
bacteria (Grischow et al., 2024, 2021), we tested both cAs and cA4 as potential
activators for CCaCalpL. We subjected CCaCalpT-CalpS to the CCaCalpL
proteolysis reaction and SDS-PAGE analysis revealed that cAs, but not cAs
activated the CCaCalpL protease to cleave the CCaCalpT protein in the
CCaCalpT-CalpS heterodimer (Figure 3.16 C). Furthermore, mutation of the
conserved S154 to alanine in the predicted Lon protease active site completely
abolished the CCaCalpL protease activity (Figure 3.16 C).

To identify the precise cleavage position within the CCaCalpT protein, we
subjected the C-tagged version of a CCaCalpT to cleavage by CCaCalpL and
analyzed the cleavage products using HPLC-MS (Figure 3.16 D). CCaCalpL
cleaved CCaCalpT in an alanine-rich motif 22 AAA between the amino acids
A204 and A205, yielding a 24.3 kDa N-terminal fragment (CCaCalpT2sn), and
a10.9 kDa C-terminal fragment (CCaCalpTiic).

We next tested whether CCaCalpS is able to interact with the DNA-
directed RNA polymerase (RNAP) as a ¢ factor should (Figure 3.15 B).
Although we do not observe copurification of E. coli RNAP (ECRANP) when
purifying the C-terminally tagged CCaCalpS protein (Figure 3.15 C), the
superimposition of the AlphaFold2 model of CCaCalpS onto o in the E. coli
RNAP/cE transcription initiation complex (PDB ID: 6JBQ) (Fang et al.,
2019), showed that the N- and C-terminal domains of CCaCalpS aligne with
the promoter-binding domains o, and o4 of o, respectively (Figure 3.17 A).
Therefore, we further investigated the CCaCalpS-ECRNAP interaction in vitro
using the biolayer interferometry (BLI) technique (Figure 3.17 B and C). We
immobilized C-tagged CCaCalpS on the Ni?*-NTA biosensor and exposed it
to the ECRNAP core enzyme, which resulted in a wavelength shift, confirming
the interaction between CCaCalpS and EcCRNAP (Figure 3.17 C). No
EcCRNAP binding occurred when the full-length CCaCalpT-CalpS
heterodimer was immobilized on the biosensor (Figure 3.17 C), suggesting
that a full-length CCaCalpT protein acts as an anti-oc factor and blocks the
interaction between CCaCalpS and RNAP. Interestingly, immobilization of a
pre-cleaved CCaCalpS-CalpT heterodimer did not result in ECRNAP binding
(Figure 3.17 C). This may indicate that cleavage alone is not sufficient to
disrupt the interaction of the proteins in the CCaCalpT-CalpS complex. Taken
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together, these results confirm that CCaCalpL-CalpT-CalpS is a tripartite cAs-
activated effector system, in which CCaCalpL is a cAs-dependent protease
that cleaves CCaCalpT in the CCaCalpT-CalpS heterodimer. However, the
subsequent release of CCaCalpS needed to be further investigated.
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Figure 3.17. A o factor like properties of CCaCalpS. (A) AlphaFold2 model of
CCaCalpS superimposed on E. coli RNAP/cF transcription initiation complex (PDB
ID: 6JBQ) (Fang et al., 2019). EcCRNAP is colored light gray, & —green, DNA — blue,
RNA — yellow, CCaCalpS - red. The linker region between the N-part and C-part of
CCaCalpS has been cut to allow the superposition onto the 6? and ¢* domains of cF.
(B) BLI experiment scheme of CCaCalpS binding to the ECRNAP. CCacCalpS,
CCaCalpT-CalpS, or cleaved CCaCalpT-CalpS were immobilized on Ni-NTA
biosensor (loading) to monitor RNAP binding (association). (C) Association and
dissociation curves of the CCaCalpS binding to the ECRNAP BLI experiment. Data
points are mean values from three experiments. The error bars indicate standard
deviation of three measurements.

3.2.2. The mechanism of CCaCalpS release

The AlphaFold2 model of the CCaCalpT-CalpS heterodimer suggests that
CCaCalpT interacts with CCaCalpS exclusively through the N-terminal
portion of the protein, and that the cleavage site within CCaCalpT is distant
from the CCaCalpT-CalpS interface (Figure 3.18 A). This may explain why
no binding of ECRNAP was observed for the pre-cleaved CCaCalpT-CalpS
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heterodimer (Figure 3.17 C). Therefore, we further tested whether CCaCalpS
is released from the heterodimer after the CCaCalpT cleavage using magnetic
beads to pull down the proteins that remain associated with CCaCalpS.
Remarkably, CCaCalpS remained bound to both CCaCalpTxn and
CCaCalpTiic (Figure 3.18 B), indicating that the CCaCalpT likely requires
further processing in the cell to release CCaCalpS, which can then bind to
RNAP.
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Figure 3.18. Studies on the release of CCaCalpS post-CCaCalpT clevage in vitro
and in E. coli. (A) AlphaFold2 model of CCaCalpT-CalpS heterodimer colored by
model confidence score: very low (pLDDT <50); low (70> pLDDT >50); confident
(90> pLDDT >70); very high (pLDDT >90). Dotted line indicates interface. (B)
Testing the CCaCalpT-CalpS heterodimer dissociation following CCaCalpL cleavage
by pull-down assay using magnetic beads. Eluted CCaCalpS with tightly bound
proteins was analyzed by SDS-PAGE. M, protein molecular weight marker. (C) Serial
dilutions of E. coli expressing combinations of CCaCalpS with full-length CCaCalpT,
CCaCalpT2n, CCaCalpTiac or split CCaCalpT plated on LB media with 0.15 mM
IPTG or 1% glucose.

Since we observed that expression of CCaCalpS caused a reduction in cell
growth during cultivation of E. coli for the CCaCalpS purification, we
reasoned that CCaCalpS, as a ¢ factor, initiates the transcription of some toxic
genes or interferes with transcription by sequestering RNAP. Either way, the
toxicity of CCaCalpS could be a detectable signal, allowing us to explore the
effects of CCaCalpT cleavage in E. coli cells. We constructed an IPTG-
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inducible vector system encoding CCacalpS and a copy of either (i) the full-
length CCacalpT, (ii) the CCacalpTaan, (iii) the CCacalpTuiic, or (iv) a split
version of CCaCalpT that would be formed after its cleavage with CCaCalpL.
We co-transformed E. coli with pairs of vectors, performed serial dilutions,
and plated the cells on LB media supplemented with either IPTG or glucose.
E. coli expressing CCaCalpS alone formed fewer colonies, while co-
expression of full-length CCaCalpT reduced the toxicity of CCaCalpS (Figure
3.18 C). No toxicity was observed when CCaCalpT or its cleavage variants
were expressed alone (Figure 3.18 C), confirming that CCaCalpS is a toxic
component of the CCaCalpT-CalpS pair and further supporting the hypothesis
that CCaCalpT functions as an anti-c factor, preventing the interaction
between the o factor CCaCalpS and RNAP.
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Figure 3.19. Investigation of CCaCalpT24n C-degron. (A) Growth curves of E. coli
expressing CCaCalpS and wt CCaCalpTasn or mutant CCaCalpTasn. All data points
are presented as the mean values of three experiments, and the standard deviation is
indicated by error bars. (B) GFP fluorescence interference assay in E. coli. E. coli
cells, transformed with plasmids encoding GFP fused to different degrons
(PETLQLAA — wt CCaCalpTan C-degron, PETLQLAD - mutant CCaCalpTan C-
degron and ENYALAA - partial fragment of ssrA C-degron), were serially diluted
and plated on LB medium with IPTG. CCaCalpT.n C-degron reduced GFP
fluorescence (left) without affecting colony forming units (CFU) (right). (C)
Quantitative degradation assay of GFP fused with degrons as in B in liquid E. coli
cultures over time. The fluorescence signal of GFP was normalized to optical density.
All data points are presented as the mean values of three experiments, and the standard
deviation is indicated by error bars.

In a striking contrast to the in vitro data (Figure 3.17 C), the presence of
CCaCalpT cleavage products had no effect on CCaCalpS toxicity in cells
(Figure 3.18 C), suggesting that CCaCalpS is released from the CCaCalpT
cleavage products in vivo. We hypothesized that the CCaCalpT2an may carry
a degron at its newly formed C-terminus that targets it for degradation by
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cellular proteases, thereby releasing CCaCalpS, a strategy observed in other
ECF-like o factor-anti-c factors, such as RseA-ct (Ades, 2008; Flynn et al.,
2004) (see Chapter 1.5.2). Based on the AlphaFold2 model (Figure 3.18 A),
we predicted that the terminal 9 amino acids *PEDTLQLAAZ* of
CCaCalpTaan might be poorly structured and comprise the C-degron, as
unstructured peptides ending with alanines at the C-terminus are commonly
found in degrons that target proteins for degradation by the ClpXP unfoldase-
protease complex (Fei et al., 2020; Flynn et al., 2004) (see Chapter 1.5.2). To
test the CCaCalpT24n C-degron hypothesis, we mutated the C-terminal A204
residue in the putative CCaCalpT2sn C-degron to aspartate, since this type of
mutation in the terminal AA motif of a well-characterized C-terminal SsrA-
degron significantly reduces the efficiency of target protein degradation by
ClpXP (Flynn et al., 2001), and examined its effect on the CCaCalpS toxicity
in E. coli by registering growth curves in liquid LB after IPTG induction
(Figure 3.19 A). Cells expressing CCaCalpS alone or co-expressing
CCaCalpS with the wt-CCaCalpTan exhibited poor growth. However, co-
expression of CCaCalpS with the CCaCalpTan with mutated C-degron
resulted in normal E. coli growth, comparable to cells coexpressing CCaCalpS
and the full-length CCaCalpT.

To further confirm the presence of the degron, we employed the GFP
reporter system, using expression vectors encoding gfp fused at the C-
terminus to: (i) the wt C-degron of CCaCalpTan (PEDTLQLAA), (ii) the
mutant C-degron of CCaCalpT2sn (PEDTLQLAD), and (iii) a partial SsrA C-
degron (ENYALAA) as a positive control (Fei et al., 2020). First, E. coli cells
were transformed with these vectors and serial dilutions of cells were plated
on LB containing IPTG. While cell survival was not affected, a decrease in
GFP fluorescence was observed in cells expressing GFP fused with wt-C-
degron, but not to mutant C-degron (Figure 3.19 B). In addition, we confirmed
the results of our spot assay by quantitatively analyzing the fluorescence levels
of GFP-C-degron in liquid culture over time (Figure 3.19 C). These results
demonstrate that the CCaCalpL cleavage product CCaCalpTan is further
degraded by cellular proteases and only after the degradation of CCaCalpT 2,
CCacCalps is released from the heterodimer, causing growth arrest in E. coli.

3.2.2. Regulatory mechanism — CCaCalpL is a ring nuclease

Next, we focused on the potential regulation of the CCaCalpL-CalpT-
CalpsS effector. As our study on StCsm6 and other recent studies on auxiliary
effectors have revealed that CARF domains often possess intrinsic ring
nuclease activity (Athukoralage et al., 2019; Du et al., 2024; Garcia-Doval et
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al., 2020; Jia et al., 2019b; Li et al., 2025; McQuarrie et al., 2023; Mogila et
al., 2023), and more importantly, the CARF domain of the neighboring
effector CCaCamil possesses a cAs-specific ring nuclease activity (Mogila et
al., 2023), we hypothesized that type 111 CRISPR-Cas-associated effectors in
Ca. C. acidaminovorans are not intended for abortive infection, and hence the
SAVED domain of CCaCalpL may also degrade its activator cA4, in a manner
similar to CARF ring nucleases. We incubated a radioactively labeled cAy,
produced by the CCaCsm complex, with a CCaCalpL and analyzed the
reaction products by denaturing PAGE. We found that CCaCalpL does indeed
cleave cA, and no differences in cA4 cleavage were observed in the presence
of Mg?*, Mn?*, or EDTA (Figure 3.20 A). We further confirmed that this ring
nuclease activity is specific to cAs by incubating CCaCalpL with cAs, CAs,
and cAs and analyzing reaction products by HPLC-MS. As expected,
CCaCalpL degraded only cAs and three cA4 cleavage products were detected:
Aup (linear tetraadenylate with a 3’-phosphate), A,>p (linear diadenylate with
a 2',3'-cyclic phosphate), and Azp (linear di adenylate with a 3’-phosphate)
(Figure 3.20 B). This demonstrates that CCaCalpL is a metal-independent ring
nuclease specific to cAa.

To further investigate the ring nuclease activity of CCaCalpL, we
performed a time course experiment under different conditions. We found that
under multiple turnover conditions ([S] > [E], 10 uM cAs and 1 uM
CCaCalpL), cA4 is first converted into the linear reaction intermediate As>p
(linear tetraadenylate with a 2’,3'-cyclic phosphate), followed by the
conversion of As;>p into the second linear intermediate Asp, which is
eventually cleaved into equimolar amounts of linear dinucleotides A>>p and
Azp (Figure 3.20 C right gel) (the identity of the products was confirmed by
HPLC-MS analysis). The accumulation of large amounts (up to 9 uM or up to
90% of all reaction products, i.e.,, 9-fold higher than the CCaCalpL
concentration) of both As>p and Asp intermediates implies that (i) the reaction
product dissociates from the CCaCalpL enzyme after each cleavage step, and
(ii) the CCaCalpL reaction rates decrease by more than 10-fold for each
subsequent reaction step. Indeed, fitting a set of equations describing a three-
step sequential reaction yielded enzyme turnover rate estimates (Kobs) for all
three stages: 34 min? for cAs; conversion to As>p, 2.2 mint for As>p
conversion to A4p, and 0.10 min* for Asp conversion to A2>p + Azp (Figure
3.20 C bottom graph). Dr. Giedrius Sasnauskas wrote the equations and fitted
the data to them. Under single turnover conditions ([E] > [S], 1 uM CCaCalpL
and 50 nM cA.) the reaction followed the same mechanism, where cAs was
relatively rapidly (on a scale of seconds) converted to As>p and Asp, whereas
Aup was relatively slowly (on a scale of tens of minutes) converted into A;>p
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and Azp (Figure 3.20 C left gel). Furthermore, we found that both A.>p and
Aup stimulate the protease activity of CCaCalpL to a similar extent as cAs,
whereas CCaCalpL is not stimulated by the final reaction products A,>p and
Azp (Figure 3.20 D). Taken together, this confirms that CCaCalpL possesses
a regulatory mechanism - it cleaves the activator cAs and remains activated up
until cA4 is cleaved into final products.
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Figure 3.20. Ring nuclease activity of CCaCalpL. (A) Cleavage of radioactively
labeled cA4 by wt-CCaCalpL in the presence or absence of divalent metal ions. 90
min reactions contained 1 pM CCaCalpL and 50 nM labeled cA4 in the reaction buffer
supplemented with either 1 mM EDTA, 10 mM Mg(CH3COO); or 1 mM MnCl,. (B)
HPLC-MS analysis of cAs, cAs and cAscleavage by wt-CCaCalpL. The reactions
contained 1 uM wt-CCaCalpL and 10 uM cA,. Colored dotted lines represent cAn
controls (cAs - blue, cAs - green, cAg - red). (C) Cleavage of labeled cA4 by wt-
CCaCalpL under single turnover ([E]>[S]) (left gel) and multiple turnover ([S]>[E])
(right gel) conditions analyzed by denaturing PAGE. Reactions contained 1 uM wt-
CCaCalpL and 50 nM labeled cAs. Multiple turnover reactions were additionally
supplemented with 10 uM cAs. Time course of cAs, intermediate products As>p and
Aup and final products A;>p and Azp under multiple turnover conditions from three
experiments are plotted (bottom graph). Averaged exponential fits (solid lines) to
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substrate cleavage data were used to determine reaction rates: Kopsi= 34 * 2 min,
Kobsz= 2.2 + 0.1 min"t and Konss= 0.092 * 0.003 min. (D) Wt-CCaCalpL protease
reactions using cAs, As>p, Asp or Az>p and Azp as activators. 120 min reactions
contained 5 uM CCaCalpL, 5 pM CCaCalpT-CalpS and 0 or 25 uM of adenylates,
analyzed by SDS-PAGE and Coomassie staining. M, protein molecular weight
marker.

3.2.3. The active site of the CCaCalpL ring nuclease

To gain more insight into the mechanism of cA4 cleavage, we characterized
CCaCalpL structurally by performing cryogenic electron microscopy (cryo-
EM) imaging of wt-CCaCalpL samples in the presence of the activator cAs or
its cleavage intermediates As>p or Asp (Appendices 4-7). Cryo-EM was
performed by Dr. Giedrius Sasnauskas and Dr. Giedré Tamulaitiené. Cryo-
EM analysis revealed that cA4, As>p and Asp-bound CCaCalpL proteins stack
together and form ordered short filamentous structures (Figure 3.21 A),
resembling several other SAVED domain-containing proteins, which form
filaments upon activator molecule binding (Hogrel et al., 2022; Lowey et al.,
2020; Steens et al., 2024).

The best quality cryo-EM map (2.75 A resolution) was obtained for the
Asp-bound wt-CCaCalpL, which allowed us to model two adjacent full-length
CCaCalpL subunits and a SAVED domain of the third subunit, with Ap
molecules bound between the adjacent SAVED domains (Figure 3.21 B right).
The 2.97 A map of the cAs-bound CCacCalpL and 2.81 A map of the As;>p-
bound CCaCalpL allowed us to model only the SAVED domains from two
(cA4 structure) or three (As>p structure) adjacent CCaCalpL subunits (Figure
3.21 B left and middle). Model building was performed by Dr. Giedrius
Sasnauskas and Dr. Giedré Tamulaitiené. There is no observable difference
between the structures, and in the filament, the CCaCalpL monomers
oligomerize in a head-to-tail fashion, with the adjacent SAVED domains
sandwiching the activator between the opposite surfaces in a manner similar
to other SAVED effectors (Figure 3.21 B) (Fatma et al., 2021; Hogrel et al.,
2022; Rechkoblit et al., 2024; Steens et al., 2024). The first (primary)
CCaCalpL subunit binds the activator in a deep pocket, while the adjacent
(secondary) subunit CCaCalpL' utilizes a raised patch with two phenylalanine
“fingers” on the opposite domain side (Figure 3.21 C). The cA4 ring adopts a
distorted rectangular shape with different side lengths (Figure 3.21 D and E).
All four adenine bases are inserted into tight protein pockets where they are
stabilized by numerous contacts with amino acids from the primary CCaCalpL
subunit, and R358’ from the adjacent CCaCalpL' subunit (Figure 3.21 D). The
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protein also forms extensive contacts to the phosphodiester backbone (Figure
3.21 E). Taken together, the structures explain the specificity of CCaCalpL to
tetra-adenylates and show how sandwiching of cA4 or its cleavage products
As>p/Asp between the SAVED domains enables CCaCalpL oligomerization.

A cA,-CCaCalpL A,>p-CCaCalpL A,p-CCaCalpL

—Side chain contact
 Side chain and main chain contact

Figure 3.21. Structures of activator-bound CCaCalpL. (A) Representative 2D
classes of wt-CCaCalpL filament bound to cAs, As>p and Asp. (B) Atomic model of
CCacCalpL bound to cA4 (green), As>p (red) and Adp (yellow). Adjacent proteins are
colored dark and light purple. Atomic models are depicted on electron density maps.
(C) Interactions between the neighboring SAVED domains and the sandwiched cA..
Primary CCaCalpL subunit (light purple) binds cAs in a deep pocket, while the
adjacent CCaCalpL' subunit (dark purple) forms fewer contacts with cA4. (D) Amino
acid residues contacting the bases of cAa: light purple for CCaCalpL, dark purple for
the adjacent CCaCalpL'. (E) CCaCalpL contacts with the phosphodiester backbone
of cAs. Solid lines depict side chain contacts, dotted lines - side chain and main chain
contacts. The residues from the CCaCalpL subunit are depicted in light purple
squares, the residues of the adjacent CCaCalpL' subunit are shown in dark purple
squares.

Based on the structures of cA4/As>p/Asp-bound wt-CCaCalpL filaments,
we have identified residues S395 and H396 of the primary CCaCalpL subunit
and R358’ and K361’ of the secondary CCaCalpL'’ as likely candidates for the
catalytic center of the ring nuclease (Figure 3.22 A). These residues are in the
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vicinity of the scissile phosphate, a phosphate between the 4th and 1st
adenosines (A4 and Al), and based on their positions, they could play the
following roles. Since R358’ makes hydrogen bonds with A4 2’-OH (Figure
3.22 A and Appendix 11), it presumably positions 2'-OH for a nucleophilic
attack on the adjacent phosphodiester bond, resulting in the formation of a
2'.3'-cyclic phosphate at A4 and a 5'-OH group at A1. S395, H396 and K361’
form hydrogen bonds with the scissile phosphate (Figure 3.22 A and Appendix
11), thus they all may contribute to stabilization of the pentavalent transition
state. The H396 residue is also well positioned for protonation of the 5'-O
leaving group and is observed associated with 5-OH in the CCaCalpL
structures with As>p and Asp products (Figure 3.22 A and Appendix 11).
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Figure 3.22. Determining the active site of SAVED ring nuclease. (A) Potential
catalytic residues interacting with cAs, As>p and Asp. See also Appendix 11. (B)
Cleavage of labeled cA4 by CCaCalpL mutants of amino acids located near Al-A4
scissile phosphate: R358A, K361A, S395A, H396A, of amino acids located near A2-

108



A3 scissile phosphate: K330A and H476A under single turnover conditions analyzed
by denaturing PAGE. For comparison the reaction with wt-CCaCalpL is also shown.
The reactions contained 1 uM CCaCalpL and 50 nM labeled cAs. For ease of
comparison, the wt CCaCalpL gel from Figure 3.20 C is reused. (C) Protease reaction
performed with R358A and H396A-CCaCalpL using cAa, As>p or A4p as activators.
120 min reactions contained 5 uM CCaCalpL, 5 uM CCaCalpT-CalpS and 0 or 25
UM cAas, As>p or Agp, analyzed by SDS-PAGE and Coomassie staining. M, protein
molecular weight marker. (D) Cleavage reactions of intermediates As>p and Asp by
H396A-CCacCalpL analyzed by HPLC-MS.

Next, we constructed and purified the mutant CCaCalpL variants and
evaluated the involvement of all the above residues in catalysis. R358A and
H396A mutations had the strongest effect on cA. cleavage, with H396A
mutant being completely inactive (Figures 3.22 B). Furthermore, protease
activity of R358A-CCaCalpL was still stimulated by cAs and As>p, and to a
lesser extent by Asp, whereas protease activity of H396A-CCaCalpL was
stimulated by cAs, but was negligible in the presence of either As>p and Asp
(Figure 3.22 C), implying that both mutants had diminished ability to bind the
linear tetra-adenylates. This implies that H396 and R358’ coordinates the open
5'-OH and 2',3'-cyclic phosphate/3’-phosphate termini of the As>p and Asp
intermediates. Thus, the active site with H396 and R358' catalytic residues
cleave cA4 and converts As>p to Asp.

However, the mechanism of cleavage of the A2-A3 scissile phosphate and
conversion of Asp to the final products A.>p and Azp seems to be more
complicated. Two different theories can be proposed: (i) the existence of a
secondary active site or (ii) occasional A4p cleavage by the same active site.

The theory of two active sites

In the solved structures there are a clear preferred binding orientation of
As>p and A4p intermediates relative to the H396 and R358' catalytic residues
(Figure 3.22 A). If we assume that the CCaCalpL has the second catalytic
center close to the A2-A3 scissile phosphate the most likely catalytic residues
for this would be H476" and K330’ from the adjacent SAVED domain. H476’
and K330’ are both located in immediate proximity to the A2-A3 phosphate
opposite of H396 (Figure 3.22 A). However, neither K330 nor H476 mutations
abolished the formation of the dinucleotide products (Figures 3.22 B), ruling
out their direct involvement in the catalysis. On the other hand, some CARF
ring nucleases, such as EiCsm6, StCsm6, and StCsm6’, do not directly support
cleavage by deprotonation of the nucleophile or protonation of the leaving
group, and the catalysis is based solely on the confirmation that the signaling
molecule is forced to adopt (McQuarrie et al., 2023). A similar mechanism
may be utilized by the second active site in CCaCalpL SAVED domain.
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Relatively slow conversion of Asp to Az>p + Azp (Figure 3.20 C) may be
attributed to a lower catalytic efficiency of this second catalytic center. This
catalytic center, if present, should also cleave cAs in the presence of the
H396A mutation that inactivates the first catalytic center. Since no cAs
linearization was observed in the presence of H396A-CCaCalpL (Figure 3.22
B), we must assume that the second catalytic center becomes active only when
bound to linear A4p intermediate, but not the cyclic cAs. However, no cleavage
of intermediate Asp was detected when incubating with H396A-variant
(Figure 3.22 D), but this may be attributed to the poor binding of Asp by this
mutant as it is evident from protease activation assay (Figure 3.22 C). The
ability to discriminate bound cAs from Aup, could be attributed to subtle
conformational differences between CCaCalpL bound to cA4/Asp that are not
detectable in our structures due to limited resolution.

The theory of a single active site

We also considered an alternative mechanism utilizing only a single
catalytic site with H396 and R358' catalytic residues for cleavage of both
scissile phosphates A1-A4 and A2-A3. In this case it is necessary to presume
that the linear intermediate Asp can bind to the SAVED domain in two
orientations: (i) with the open 3’-phosphate and 5'-OH termini facing H396
(the preferred orientation, captured in the Asp-bound CCaCalpL structure
(Figure 3.22A), and (ii) the opposite orientation, which would place the A2-
A3 phosphate in the proximity of H396 and R358', and the 3'-phosphate/5'-
OH termini in the proximity of K330' and H476’. Orientation (ii) must be
significantly less populated than (i), accounting for the low cleavage rate of
the Asp intermediate at the A2-A3 phosphate (Figure 3.20 C), and lack of
density corresponding to an intact A2-A3 phosphodiester bond in the
proximity of H396 in the Asp-bound CCaCalpL structure (Figure 3.22 A).
Nevertheless, the dynamic nature of the CCaCalpL filaments, which allows
dissociation of cAs4 cleavage intermediates from the enzyme during the ring
nuclease reaction (as discussed above, Figure 3.20 C), may allow multiple
rounds of A4p dissociation and re-binding required for occasional Asp binding
in the (ii) orientation leading to its cleavage. This mechanism would explain
why H396A-CCaCalpL variant does not linearize cAs nor cleavage the
intermediate Asp (Figure 3.22 B and D).

In summary, we demonstrate here that CCaCalpL H396 and R358’ are the
key catalytic residues responsible for the cA4 ring opening reaction. This
active site is formed by the residues from adjacent SAVED subunits within a
filament and due to the dynamic nature of the CCaCalpL filaments, the same
catalytic center may also be responsible for Asp cleavage to the final products
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Ax>p and Azp, albeit we cannot completely rule out the presence of a second
catalytic center.

3.2.4. The significance of CCaCalpL filament formation

Further, we attempted to evaluate the significance of CCaCalpL filament
formation for ring nuclease activity, CCaCalpT-CalpS binding and CCaCalpT
cleavage.
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Figure 3.23. The importance of CCaCalpL oligomerization for ring nuclease
activity. (A) Denoised cryo-EM micrographs of R358E/K361E and H396A
CCaCalpL variants in the presence of cAs. (B) Schematic representation of the
reconstitution of the CCaCalpL interface for cA4 cleavage. Mixing of ring nuclease-
deficient (2) and filament-deficient (1) CCaCalpL variants should result in formation
of dimers or R358E/K361E variant terminated filaments with reconstituted cA4 ring
nuclease active site. (B) The ring nuclease activity of the filament-deficient
R358E/K361E-CCaCalpL (left) and the reconstituted CaCalpL dimer/terminated
filament (R358E/K361E + H396A) (third form the left) analyzed by denaturing
PAGE. Reactions were performed under a single turnover conditions and contained 1
uM CCaCalpL and 50 nM cA4. For ease of comparison, the H396A and wt CCaCalpL
gels from Figures 3.22 B and 3.20 C, respectively, are reused.
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As the ring nuclease active site residues, H396 and R358’, are derived from
adjacent SAVED domains within the CCaCalpL filament (Figure 3.22), we
tested whether a restoration of the SAVED-SAVED interface is sufficient for
ring nuclease activity. We constructed a filament-deficient CCaCalpL variant
by introducing two R358E/K361E charge reversal mutations that disrupt the
interface between the SAVED domains (Figure 3.23 A). The R358E/K361E
interface mutations reduced the ring nuclease activity of CCaCalpL (>100-
fold compared to wt-CCaCalpL), supporting the hypothesis that filament
formation is required for the ring nuclease activity (Figure 3.23 C). Next, we
combined the ring nuclease-deficient mutant H396A with the filament-
deficient R358E/K361E-CCaCalpL and were able to restore cAs cleavage
activity to wt-like levels by restoring the intersubunit interface of the SAVED
domain (Figures 3.23 C). Although, a small amount of uncleaved substrate
was observed over the first minutes of the reaction, likely due to cAs
sequestration by the inactive H396A homo-oligomers, this demonstrates that
CCaCalpL oligomerization is essential for efficient cA4 cleavage.
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Figure 3.24. The importance of CCaCalpL oligomerization for CCaCalpT-CalpS
binding. (A) Schematic representation of the setup of the BLI experiment.
CCaCalpT-CalpS heterodimer was immobilized onto a Ni-NTA biosensor (loading).
The loaded sensor was used to monitor CCaCalpL binding at various concentrations
(association). (B) The normalized binding response equals (Aassociation)/(Aloading).
All data points are presented as mean values from three experiments. The error bars
indicate the standard deviation of three experiments.
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Next, we tested the importance of CCaCalpL filament formation for
protease target binding. We used BLI to evaluate the binding of CCaCalpT-
CalpS to a filament-deficient R358E/K361E-CCaCalpL in the presence of cA4
and to filament-forming H396A-CCaCalpL in the presence or absence of cAs
(the ring nuclease mutant was used instead of wt-CCaCalpL to avoid rapid
CAs cleavage during the assay) (Figures 3.23 A and 3.24). No CCaCalpL

112



binding to the sensor surface was detected with immobilized CCaCalpT-
CalpS in the absence of cAs, but the addition of cA4 stimulated the binding of
H396A-CCaCalpL, which was manifested as an increase in the BLI signal
(Figures 3.24 B). In contrast, no binding was detected with the R358E/K361E
mutant in the presence of cAs, providing evidence that CCaCalpL filament
formation is essential for its interaction with the target CCaCalpT-CalpS
complex.
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Figure 3.25. CCaCalpL interaction with CCaCalpT within a filament.
AlphaFold3 model of CCaCalpL trimeric filament in complex with 3 molecules of
AAAA RNA, 2 molecules of CCaCalpT and 2 molecules of CCaCalpS. CCaCalpS is
colored shades of red, CCaCalpT — shades of yellow, CCaCalpL — shades of purple.
Lon active site is depicted as cyan spheres. AAAA RNA is depicted as green spheres.
The 194-210 aa loop of CCaCalpT is colored orange with a cleavage position colored
black and indicated by arrows. The same AlphaFold3 model colored by the
confidence (pIDDT) values is shown in a box.

Finally, we sought to elucidate the mechanism of CCaCalpT cleavage by
CCaCalpL. We attempted to obtain a cryo-EM structure of the cA4/A4p-
activated CCaCalpL filament bound to CCaCalpT-CalpS or CCaCalpT, but
we were unsuccessful. Therefore, we employed AlphaFold3 and obtained a
model of three CCaCalpL subunits bound to three molecules of AAAA RNA,
mimicking the activator, and two copies of CCaCalpT-CalpS heterodimer
(Figure 3.25). Within the predicted filament the CCaCalpT’ contacts two
adjacent CCaCalpL subunits: the ‘primary’ CalpL’ subunit with the high-
confidence interface, 960 A? and the ‘secondary’ CalpL subunit with the
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lower-confidence interface, 1040 A2 The contact with the ‘secondary’ CalpL
is primarily formed by the CCaCalpT’ loop (194-210 aa) inserted into the Lon
protease domain. The cleavage site of the CCaCalpT is located within the 194-
210 aa loop and resides in the proximity of Lon active site of CCaCalpL
(Figure 3.25).
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Figure 3.26. CCaCalpL oligomerization and CCaCalpT clevage mechanism. (A)
Schematic representation of the assembly of the As>p-activated CCaCalpL dimers.
(B) Denoised cryo-EM micrographs of CCaCalpL variantas: wt, R358E/K361E,
H396A, and R358E/K361E mixed together with H396A in the presence of As>p. (C)
Protease reactions of assembled dimers analyzed by SDS-PAGE. Reactions contained
5 uM CCaCalpL, 5 uM CCaCalpT-CalpS and 25 uM As>p.

To further back up our observations, we tested whether the CCaCalpL
dimer, i.e. the minimal fragment of a filament, is sufficient for the Lon
protease activity. For this we attempted to reconstitute an active CCaCalpL
heterodimer from two inactive variants carrying mutations at the opposite
surfaces of the SAVED domain (Figure 3.26 A): (i) the H396A mutant, which
is unable to bind As>p and form filaments in the presence of As>p (Figure
3.22 C and 3.26 B), and (ii) the filament deficient R358E/K361E mutant
(Figure 3.26 B). Although each individual mutant lacked protease activity,
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their equimolar mix yielded an active CCaCalpL variant with wt-like
CCaCalpT-CalpsS cleavage activity (Figure 3.26 C, lanes 1, 2 and 5).

Next, to demonstrate that CCaCalpT binding and cleavage orientations,
predicted by our AlphaFold3 model (Figure 3.25), are relevant, we mutated
the Lon protease active site in H396A and R358E/K361E mutant proteins by
introducing the S154A mutation and tested the CCaCalpL protease activity
using different mutant combinations. Mutant combination H396A and
R358E/K361E/S154A, which would be compatible with the in-cis cleavage
(i.e. the same subunit predominately binds and cleaves the substrate) of
CCacCalpT in the formed dimer, was inactive in the presence of As>p (Figure
3.26 C, lane 7). By contrast, mixing H396A/S154A and R358E/K361E
mutants compatible with the in-trans cleavage (i.e. one subunit predominately
binds the substrate while the other subunit performs the cleavage) yielded a
dimeric CCaCalpL variant with wt-type-like protease activity (Figure 3.26 C,
lane 6), confirming the proposed model of CCaCalpT cleavage within the
activated CCaCalpL filament. Collectively, our findings demonstrate that
CCacCalpL oligomerization is crucial for its interaction with the CCaCalpT-
CalpsS target, and both its protease and ring nuclease activities.

3.2.5. Mechanism of action of CalpL-CalpT-CalpS effector

Compared to the CalpL-CalpT-CalpS tripartite effector mechanism
described at the beginning of Chapter 3.2 (Figure 3.14), our detailed
characterization of CCaCalpL-CalpT-CalpS added the missing pieces to it.
Figure 3.27 illustrates our proposed updated mechanism of the immunity
provided by the tripartite effector. Initially, Csm-produced cA4 binds to the
SAVED domain of the CalpL monomer, triggering the formation of the CalpL
filament and recruitment of the CalpT-CalpS. Within the filament, one CalpL
subunit predominantly binds CalpT, while the adjacent subunit performs the
proteolysis. CalpT cleavage products remain bound to CalpS, but the exposed
C-degron of CalpT2sn directs it for degradation by cellular proteases, releasing
CalpS to bind RNAP and alter transcription. In addition, CalpL possesses a
regulatory mechanism: the SAVED domain of CalpL acts as a ring nuclease,
sequentially cleaving cAy in a three-step reaction. This cleavage serves as a
"timer" to limit the duration of effector activation.

Importantly, in this study we demonstrated that cleavage of the anti-o
factor CalpT alone is not sufficient to release the o factor CalpS from the
CalpT-CalpS. The cleavage exposes the C-terminal degron on CalpTaan,
leading to its degradation, which then releases CalpS, a mechanism similar to
other anti-o/c factor pairs (Mascher, 2023; Osterberg et al., 2011). However,
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the question of which genes are controlled by CalpS o factors remains
unanswered. Interestingly, ¢ factors are present in several other types of 11
CRIPSR-Cas associated effector systems. As discussed in Chapter 1.5.1, the
type IlI-E interference complex utilizes direct association with the TRP-
CHAT protease to specifically cleave Csx30 protein in the Csx30-CASP-o
pair, releasing CASP-o, a ¢ factor, for further control of gene expression
responsible for additional defense functions such as CRISPR spacer
acquisition and transcription of other defense genes (Strecker et al., 2022).
Moreover, the type 111-B CRISPR-Cas associated multicomponent effector,
which contains the cAs-inducible SAVED-CHAT protease, also encodes a ¢
factor, although the function of this ¢ factor and the detailed mechanism of
the entire multicomponent effector remains elusive (Steens et al., 2024) (see
also Chapter 1.1.3).
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Figure 3.27. Mechanism of type 111 CRISPR-Cas antiviral defense mediated by
the cAs-activated tripartite CalpL-CalpT-CalpS effector system. Foreign RNA
triggers cAy4 synthesis by the type 11l CRISPR-Cas complex. CalpL binds cAy by its
SAVED domain, inducing filament formation. This allows the CalpL Lon domain to
cleave CalpT in the CalpT-CalpS heterodimer. Cleaved CalpT is degraded by cellular
proteases, releasing CalpS to bind RNA polymerase and act as a o factor for
transcription of specific genes. Activity of CalpL Lon protease is regulated through
cAs cleavage by the CalpL SAVED domain.
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Furthermore, the head-to-tail association of SAVED domains via a
signaling molecule observed in the CCaCalpL filament appears to be a
conserved feature among prokaryotic SAVED effectors. As discussed in
Chapter 1.2.1, SAVED filament formation can assemble the composite active
site of the effector, as seen with CBASS-associated TIR-SAVED (Hogrel et
al., 2022) or allosterically activate effector domains, like in CRISPR type IlI-
associated SAVED-CHAT (Steens et al., 2024) or enable cleavage of double-
stranded DNA by Cap4 and Cap5 (Fatma et al., 2021; Lowey et al., 2020;
Rechkoblit et al., 2024). In accordance, CalpL filament formation enables
CalpT-CalpS substrate cleavage in the protease active site of the adjacent
CalpL subunit within the filament.

Taken together, our study on CCaCalpL, together with complementary
evidence from the parallel studies on the homologous SsCalpL-CalpT-CalpsS,
provides the most detailed mechanism of action of a type 11l CRISPR-Cas-
associated multicomponent effector known to date.

3.3. Final remarks: An expanded repertoire of ring nucleases

During the course of the studies described in this dissertation, numerous
CARF effectors were discovered to possess intrinsic cAs-specific ring
nuclease activity (reviewed in Chapter 1.4.1). In addition, two other protein
folds, DUF1874 and STAS, have been identified as the core of Crn2 and Crn3
enzymes, respectively (Athukoralage et al., 2020b, 2020c; Samolygo et al.,
2020) (see also Chapters 1.4.1. and 1.4.2). CARF and DUF1874 fold ring
nucleases are homodimers, while Crn3 of STAS fold forms a composite active
site at the interface of two dimers and they all use symmetrically arranged
active sites to split cA4 into two halves (Figure 3.28 A).

Similarly, the CARF domain of cAs-specific Csm6 splits cAs into two
halves - As>p molecules (Figure 3.28 A). Our research on StCsm6 and
structural studies by other groups on StCsmé6’ and EiCsm6 (Garcia-Doval et
al., 2020; McQuarrie et al., 2023) have consistently shown that the CARF
domain of cAs-specific Csm6 promotes cleavage by forcing cAs to adopt the
catalytically compatible conformation within the binding site. As not only the
side chain but also the main chain atoms of the ammino acids located in the
so-called catalytic loop forms interactions with cAs, it is difficult to pinpoint
the exact catalytic residues, thus no catalytic residues are indicated for cAs-
cleaving Csm6 in Figure 3.28 A. However, threonine from the catalytic loop
may be an important candidate, as it uses its side-chain atoms to interact with
the scissile phosphate (Garcia-Doval et al., 2020; McQuarrie et al., 2023). In
addition, we have directly demonstrated that the nonspecific RNase activity
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of the HEPN domain of StCsm6 contributes to the degradation of cAs and
other cA, at high signaling molecule concentrations, further expanding the
repertoire of enzymes capable of cleaving cAn.
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dimer dimer filament? filament

S, | cmz2/| Hs
Crn1 K,#. Acriirl Crn3/Csx3| CalpL
TtCsm6| S, | H, I °’i|.
: H
Camil K,# Crn2-Csx1| 3 1|02
% i}‘D
H

04
; oA I
ToCsm6| % $
CA,
Ay>p Mn2*/Co%
i 3
Azp Azp
cA; = A>p (minor A,>p)
Csm6 #l

CAG - A3>p

E

CCaCalpL EN
SsCalpL
WP_013886740.1
WP_013451723.1 ¢
WP_012991049.1
WP_013909894.1 |
WP_025306046.1
WP_012673583.1
WP_075665150.1
WP_012579496.1
WP_012057870.1
WP_014452060.1 ¢
WP_064011104.1 ¢
WP_011994539.1
WP_031505214.1 ¢ R
SNR62895.1 D S LI5S
KUK03000.1 EN LR

! T[] !
Figure 3.28. An expanded assortment of ring nucleases. (A) Diversity of ring
nucleases. Ring nuclease domains of CARF, DUF1874, STAS and SAVED families
are depicted as squares, circles mark various effector domains. Active sites are
depicted as stars and catalytic residues (if present) are indicated. Dotted line indicates
subdomains. Protein oligomeric states for each type of ring nucleases are specified.
(B) SAVED domain of CCaCalpL. N-subdomain (202-352 aa) and C-subdomain
(357-504 aa) are shown in dark purple and light purple, respectively. Active site
residues are shown. (C) Superposition of the N-subdomain and C-subdomain of the
CCaCalpL SAVED domain (colors as in A). (D) Superposition of the SAVED
domains of CCaCalpL (purple) SAVED of CBASS-linked effectors: Cap5 (pink, PDB
ID: TRWK) (Fatma et al., 2021) and Cap4 (beige, PDB ID: 7YIB) (Lowey et al.,
2020). The a-helix containing the residues of the CCaCalpL ring nuclease active site
residues are absent from the Cap5 and Cap4 proteins is highlighted. Active site
residues of SAVED CalpL are shown as in A. (E) Strict conservation of the ring
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nuclease active site residues within Lon-SAVEDA4 proteins. For full alignment refer
to Appendix 10.

Furthermore, studies of the regulatory mechanism of the tripartite
CCaCalpL-CalpT-CalpS effector described in this thesis have added the
SAVED domain of CCaCalpL to the list of cAs-specific ring nucleases,
making it the first known ring nuclease to use a three-step sequential cA4
cleavage mechanism (Figure 3.28 A). CCaCalpL, together with other Lon-
SAVED and TM-SAVED effectors, belongs to the SAVED4 family, whose
members are often found in the vicinity of type Ill CRISPR-Cas systems
(Makarova et al., 2020a). In contrast to the SAVED domains found in the
effectors of CBASS systems, which interact specifically with asymmetric
(odd-numbered) activators (Fatma et al., 2021; Hogrel et al., 2022; Lowey et
al., 2020) (see also Chapter 1.2.1), CCaCalpL is specific for a symmetric
(even-numbered) activator cAs. Although, the superimposition of two
subdomains of the SAVED domain of CCaCalpL generally confirmed the
symmetric nature of the CARF pseudo-dimer (Figure 3.28 B and C), the major
catalytic residues R358 and H396, together with less prominent catalytic
residues K361 and S395, are located only in the C-terminal subdomain (Figure
3.28 B). Structural comparisons were performed by Dr. Giedré Tamulaitiené.
Our sequence analysis revealed that almost all Lon-SAVED4 proteins,
including CCacCalpL structural homologue SsCalpL, contain the CCaCalpL
ring nuclease active site residues (Figures 3.28 E). Not surprisingly, in parallel
with our study SsCalpL has been reported to possess cAq ring nuclease activity
(Binder et al., 2024). This supports the hypothesis that all SAVED4 family
proteins are self-limiting effectors that share a conserved catalytic mechanism
for cA4 hydrolysis.

In summary, since 2018, when the first dedicated cAs-specific ring
nuclease (Crnl family) was identified (Athukoralage et al., 2018), our
understanding of cA, regulation in type Il CRISPR-Cas systems has
advanced significantly. This work contributed to this by elucidating the
regulation of cAs-based signaling by the self-limiting effectors of the Csm6
family and further expanded the repertoire of domains capable of cA4 cleavage
by identifying the SAVED domain of the CalpL protein as a new addition to
this list.
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CONCLUSIONS

StCsm6 and StCsmé' effectively reduce the levels of cAg and other
oligoadenylate species (cAn) produced by the StCsm complex in a
heterologous E. coli host.

The CARF domain of StCsm6 functions as a cAe-specific ring
nuclease, while the HEPN domain exhibits non-specific RNase
activity, degrading cAs and other cA, species, with a preference for
linear single-stranded RNA as a substrate.

cA binding triggers the formation of CCaCalpL filament, which is
essential for the recruitment and proteolysis of the substrate
CCaCalpT-CalpS. Within the filament, CCaCalpT is cleaved by a
neighboring CCaCalpL subunit.

The cleavage of CCaCalpT by CCaCalpL exposes the C-degron,
targeting the cleavage product for further degradation by cellular
proteases. This degradation results in the release of CCaCalpS, which
subsequently binds to bacterial RNA polymerase.

The SAVED domain of CCaCalpL functions as a cAs-specific ring
nuclease degrading its activator, cA4, via a sequential three-step
mechanism, that generates two intermediates, As>p and Aasp.

The formation of CCaCalpL filaments, triggered by the binding of the
activator cAs or its cleavage intermediates, is crucial for the protease
and ring nuclease activities of the Lon-SAVED CalpL effector.
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6 a-spiraliy motyvas; pagal angl. 6 a-helices
pirmasis/antrasis/treciasis/ketvirtasis adenozinas
linijinis di-/tri-/tetra-/penta-/heksaadenilatas su 2'-3'-
cikliniu fosfatu

linijinis di-/tetraadenilatas su 3'-fosfatu

biosluoksnio interferometrija; pagal angl. biolayer
interferometry

ciklinis tri-/tetra-/penta-/heksaadenilatas

su CRISPR susijusi Lon proteazé; pagal angl.
CRISPR associated Lon protease

ciklinis(-iai) oligoadenilatas(-ai)

su CRISPR susijusi Rossman sankloda; pagal angl.
CRISPR-associated Rossman fold

susijgs su CRISPR; pagal angl. CRISPR-associated
Candidatus Cloacimonas acidaminovorans

kolonijas formuojantys vienetai; pagal angl. colony
forming units

pagal angl. clustered regularly interspaced short
palindromic repeats

su CRISPR susijusi Ziedo nuleazé pagal angl.
CRISPR ring nuclease

CRISPR RNR

nezinomos funkcijos domenas; pagal angl. domain of
unknown function

zaliai fluorescuojantis baltymas; pagal angl. green
fluorescent protein

auks$tesniyjy eukarioty ir prokarioty nukleotidus
suriSantis; pagal angl. higher eukaryotes and
prokaryotes nucleotide-binding

didelio naSumo skys¢iy chromatografija — masiy
spetrometrija; pagal angl. high-performance liquid
chromatograph - mass spectrometry

izopropilo B-D-tiogalaktopiranozidas
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krio-EM kriogeniné elektroniné mikroskopija

NCBI National Center for Biotechnology Information
(biotechnologijos ir biomedicinos duomeny bazés)

ODeéo0o optinis tankis, nustatytas esant 600 nm bangos ilgio
Sviesai

PDB Protein Data Bank (baltymy strukttiry duomeny baz¢)

RNR pol RNR polimeraze

S.V. salyginiai vienetai

SAVED su SMODS susijes ir sulietas su jvairias efektoriais;

pagal angl. SMODS-associated and fused to various
effector domains

SEC-MALS dydzio atskyrimo chromatografija su Sviesos sklaida
daugeliu kampy; pagal angl. size exclusion
chromatography — multi-angle light scattering

St Streptococcus thermophilus

STAS sulfato transporteris ir anti-o faktoriaus antagonistas;
pagal angl. Sulphate Transporter and AntiSigma
factor antagonist

To Thermococcus onnurineus

Tt Thermus thermophilus

uv ultravioletiné

wit laukinis tipas; pagal angl. wild type
IVADAS

Vykstant nuolatinéms ginklavimosi varzybos tarp bakterijy ir jas puolanciy
virusy, vadinamy bakteriofagais (arba fagais), bakterijos iSvysté sudétingas
prie$virusines gynybos sistemas. Sios sistemos slopina virusy plitima
populiacijoje aptikdamos fago infekcija lasteléje ir koordinuodamos efektoriy
atsaka. Prokariotuose paplitusios CRISPR-Cas sistemos suteikia lgsteléms
adaptyvy imuniteta, nes pirminés infekcijos metu j CRISPR regiong jterpia
svetimos nukleortigSties fragments, kurio pagrindu susintetintos CRISPR
RNR (crRNR) molekulés pakartotinés infekcijos metu nulemia uZpuoliko
atpazinimg (Nussenzweig and Marraffini, 2020). Nors visy tipy CRISPR-Cas
sistemos (Siuo metu yra Zzinomi septyni tipai) svetimy nukleortigsciy
atpazinimui ir tiesioginiam taikinio degradavimui naudoja interferencijos
kompleksg suformuota i§ crRNR ir Cas baltymy, II tipo CRISPR-Cas
sistemos turi papildoma gynybos linijg: cikliniy oligoadenilaty (cAn, n=3-6)
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pagrindu veikiant] signalinj kelig, kuris aktyvuoja pagalbinius efektorinius
baltymus (Stella and Marraffini, 2024).

Il tipo CRISPR-Cas interferencijos kompleksui (Csm II-A ir 1lI-D
potipiuose arba Cmr 111-B potipyje) komplementarumo principu atpazinus
svetimg RNR yra aktyvinamas didziojo subvieneto Casl0 Palm domenas,
kuris katalizuoja cA, sinteze i§ ATP (Kazlauskiene et al., 2017; Niewoehner
et al., 2017). Susintetintos cA, molekulés jungiasi prie pagalbiniy efektoriy ir
juos aktyvina. Dazniausiai pagalbiniai baltymai, susij¢ su III-A/B/D
sistemomis, yra sudaryti i§ sensorinio CARF (angl. CRISPR-Cas associated
Rossmann fold) domeno sulieto su jvairiais efektoriniais domenais (Hoikkala
et al., 2024; Makarova et al., 2020a). CARF domeng turintys efektoriniai
baltymai pastaraisiais metais buvo placiai tyrin¢jami (Steens et al., 2022;
Stella and Marraffini, 2024), ta¢iau kur kas maziau zinoma apie sensorinj
SAVED (angl. SMODS-associated and fused to various effector domains), o
ne CARF, domeng turin¢ius kai kuriy III tipo CRISPR-Cas sistemy
efektorinius baltymus (Makarova et al., 2020a; Steens et al., 2022). SAVED
domenai yra siejami su kita prokarioty gynybos sistema CBASS (angl. cyclic
oligonucleotide-based antiphage signaling system), kuri remiasi efektoriniy
baltymy aktyvinimu per signalines molekules ir nulemia infekuotos lastelés
zutj (Slavik and Kranzusch, 2023), bet Siuos domenus turinéiy baltymy rolé
[l tipo CRISPR-Cas sistemos yra mazai iStyrinéta.

Signaliniy cAn molekuliy gamyba yra iSjungiama, kai Csm/Cmr
kompleksas hidrolizuoja taikinio RNR (Kazlauskiene et al., 2017; Rouillon et
al., 2018), ta¢iau tai nei$jungia pagalbiniy efektoriy - juos toliau aktyvinti gali
jau susintetintos cA, molekulés. Siekiant iSvengti per didelio efektoriy
aktyvavimo ir pacios lastelés pazeidimo, yra butina papildoma Sio signalinio
kelio kontrolé. Signalines cAn molekules geba specifiskai degraduoti
specializuoti baltymai, CRISPR ziedo nukleazés (Crn - angl. CRISPR ring
nuclease) (Athukoralage et al., 2018), bet jos randomos ne visose Il tipo
CRISPR-Cas sistemose. Crn baltymy Serdis yra CARF domenas, tad CARF
domeng turintys efektoriai taip pat galéty pasizyméti ziedo nukleaziniu
aktyvumu.

Darbo objektai

Sio darbo objektai yra Streptococcus thermophilus DGCC8004 111-A tipo
CRISPR-Cas pagalbiniai efektoriniai baltymai Csm6 ir Csm6’ (StCsm6 ir
StCsm6') bei Candidatus Cloacimonas acidaminovorans str. Evry I11-A tipo
CRISPR-Cas sistemos pagalbinis trinaris efektorius CalpL-CalpT-CalpS
(CCaCalpL-CalpT-CalpS), kurio CalpL narys turi SAVED sensorinj domeny,
o CalpT ir CalpS yra anti-c faktorius ir ¢ faktorius.
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Darbo tikslai

(i) isaiskinti cAes signalinio kelio deaktyvacijos mechanizmg S.
thermophilus I11-A tipo CRISPR-Cas sistemoje,

(if) nustatyti detaly III-A tipo CRISPR-Cas trinario efektoriaus
CCaCalpL-CalpT-CalpS veikimo mechanizma.

UZdaviniai

1. Tvertinti Il tipo CRISPR-Cas sistemos vykdomg CAs ir kity cAn
sintez¢ bakterijy lastelése, esant ir nesant StCsm6 bei StCsmé6’
baltymams.

2. Charakterizuoti StCsm6 CARF ir HEPN domeny fermentines savybes,
skaidant cAs ir kitus cA, in vitro.

3. Nustatyti molekulinius  reikalavimus CCaCalpL efektoriaus
aktyvacijai ir jo sgveikai su substratu CCaCalpT-CalpS.

4. IssiaiSkinti o faktoriaus CCaCalpS paleidimo i§ CCaCalpT-CalpS
komplekso mechanizma.

5. Nustatyti CCaCalpL efektoriaus deaktyvavimo mechanizma, tiriant jo
gebéjima hidrolizuoti cAas.

6. Strukturiskai pagristi CCaCalpL efektoriaus aktyvacijos ir reguliacijos
mechanizmus.

Mokslinis naujumas ir praktiné verté

2017 m. Il tipo CRISPR-Cas sistemose buvo atrastas ciklinius
oligoadenilaty (cAy) signalinis kelias, kurio pagalba yra aktyvinami jvairits
pagalbiniai efektoriai, turintys sensorinj CARF ar SAVED domena, taip
sustiprinant CRISPR-Cas gynyba (Kazlauskiene et al., 2017; Niewoehner et
al., 2017). Nors buvo nustatyta, kad cAn sintezé sustoja, kai uzpuoliko RNR
yra perkerpama (Kazlauskiene et al., 2017), tadiau tai, kas vyksta su jau
susintetintais cAn ir ar yra papildomicA, aktyvuoty efektoriyreguliacijos
mechanizmai, liko neaiSku.

Siuo metu nemazai zinoma apie CARF domeng turinéius efektorius, tokius
kaip RNR nukleazés (Csm6 ir Csxl), DNR nukleazés, deaminazés,
transliacijos inhibitoriai bei membranos integralumg pazeidziantys baltymai
(Baca et al., 2024a; Li et al., 2025; Mogila et al., 2023; Stella and Marraffini,
2024). Taciau SAVED domeng turin¢iy efektoriy molekuliniai mechanizmai
i§ esmes liko neistirti, tik keletas reikSmingesniy jzvalgy buvo gauta apie
SAVED-CHAT efektoriy (Steens et al., 2024).

Sio tyrimo tikslas buvo atskleisti pilng III tipo CRISPR-Cas sistemy
reguliavimo mechanizmg, iSanalizuojant CARF efektoriaus Csm6
deaktyvacija ir SAVED efektoriaus CalpL reguliavimg. Pagrindiniai $io darbo
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moksliniai rezultatai, kurie Zenkliai praplété suvokima apie III tipo CRISPR-
Cas sistemy pagalbiniy baltymy veikimg ir reguliacija:

1. cAs signalinio kelio reguliavimas. Stebédami cA, gamyba E. coli
lastelése, iSreiskianciose S. thermophilus 1l tipo CRISPR-Cas sistema,
nustatéme, kad StCsmé6 ir StCsmé6' degraduoja savo aktyvatoriy cAe bei Kitus
CAn junginius. In vitro tyrimais atskleidéme, kad StCsm6 CARF domenas
veikia kaip cAs specifiné ziedo nukleazé, o HEPN domenas pasizymi
nespecifiniu ribonukleaziniu aktyvumu ir hidrolizuoja cAs bei kitus cA, esant
dideléms substrato koncentracijoms. Siuo darbu parodéme, kad, analogiskai
pavienéms ziedo nukleazéms, Csm6 CARF domenas veikia kaip efektoriaus
ir visos CRISPR-Cas sistemos vidinis laikmatis. Be to, atskleidéme CARF ir
HEPN domeny funkcijas ir tarpusavio rySius cA, signalinio Kkelio
reguliacijoje.

2. SAVED domeng turincio efektoriaus CalpL reguliavimas. Tirdami
CalpL efektoriy i§ Ca. C. acidaminovorans, nustatéme, kad jis hidrolizuoja
savo aktyvatoriy cAs, pasitelkdamas unikaly trijy pakopy mechanizma ir
suformuodamas du linijinius tarpinius junginius (As>p - linijinj tetraadenilatg
su cikliniu 2'-3' fosfatu ir A4p - linijinj tetraadenilata su 3’ fosfatu). Sis
mechanizmas skiriasi nuo anks¢iau zinomy ziedo nukleaziy veikimo biidy ir
yra pirmasis eksperimentinis SAVED domeno fermentinio aktyvumo
pademonstravimas.

3. Trijy komponenty CCaCalpL-CalpT-CalpS sistemos veikimo
mechanizmas. Atlikdami biocheminius, biofizikinius ir toksiSkumo E. coli
lastelése tyrimus, nustatéme, kad cAs aktyvuojamas CCaCalpL efektorius,
sudarytas i§ Lon proteazés ir SAVED domeno, specifiskai proteolizuoja anti-
o faktoriy CCaCalpT, esantj CCaCalpT-CalpS anti-o/c faktoriaus poroje.
Taip pat atradome, kad cA. arba jo hidrolizés produkty (As>p ir Asp)
prisijungimas inicijuoja CalpL filamento formavimasi, kuris yra butinas
CCaCalpT-CalpS substrato surisimui. CCaCalpT perkirpimas suformuoja C-
degrong, kuris nukreipia §j baltymg tolimesniam degradavimui lgstelés
proteazémis. Tai leidzia i§ komplekso iSlaisvinti o-faktoriy CCaCalpS, kuris
toliau jungiasi su RNR polimeraze ir nulemia E. coli lasteliy augimo ribojima.
Remdamiesi struktiiriniais tyrimais iSaiskinome, kodél filamento susidarymas
yra biitinas tiek proteazes, tiek ziedo nukleazés funkcijoms.

Disertacijoje pateikiami rezultatai atskleidzia ne tik III tipo CRISPR-Cas
sistemy ir jy pagalbiniy efektoriy veikimo mechanizmo kompleksiskuma, bet
ir kaip grieztai apsaugos sistemos yra reguliuojamos. Sie duomenys prisideda
prie augancio supratimo, kad Il tipo CRISPR-Cas sistemos, naudojané¢ios cAn
signalinj kelig, lasteléje veikia ne per abortyvinés infekcijos mechanizmg.
Aprasyti darbai yra svarblis ir praktiniam pritaikymui, siekiant tikslingai
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panaudoti bakteriofagus kovai su antibiotikams atspariomis bakterijomis,
kurios kelia vis didesng¢ grésme¢ zmoniy sveikatai bei maisto ir zemes aikio
sistemy tvarumui.

Ginamieji teiginiai:

1. StCsmé6 ir StCsm6' degraduoja cAg bei Kitus ciklinius oligoadenilatus
(cAn), kuriuos E. coli 1astelése sintetina StCsm kompleksas.

2. StCsm6 CARF domenas veikia kaip cAs specifiska Ziedo nukleazé, o
HEPN domenas pasizymi nespecifiniu RNR nukleaziniu aktyvumu ir
hidrolizuoja tiek cAs, tiek kitus cAn.

3. CA4 prisijungimas inicijuoja CCaCalpL filamento susiformavima,
kuris leidZia prisijungti CCaCalpT-CalpS substratui ir kaimyniniam
CCacCalpL subvienetui filamente vykdyti CCaCalpT proteolizg.

4. CCaCalpT perkirpimas suformuoja C-degrona, kuris nukreipia
baltyma tolimesnei lastelés proteaziy vykdomai degradacijai. Dél
CCaCalpT degradacijos CCaCalpS yra islaisvinamas ir risasi su RNR
polimeraze.

5. CCaCalpL SAVED domenas yra cAs specifiska ziedo nukleazé, kuri
savo aktyvatoriy degraduoja pasitelkdama trijy nuosekliy pakopy
hidrolizés mechanizma.

6. CCaCalpL filamento susidarymas, kurj inicijuoja cAs arba jo
hidrolizés tarpiniai produktai, yra biitinas tiek efektoriaus proteazés,
tiek Ziedo nukleazés aktyvumams.

METODAI

Siam darbui atlikti buvo pasitelkiami jvairiis kompiuteriniai, biocheminiai
ir mikrobiologiniai metodai.

Homologijos paieskos buvo atliekamos naudojant HHPred (Zimmermann
et al., 2018) ir DaliSearch (Holm et al., 2023). Homologiniy baltymy seky
palyginiai buvo atliekami naudojant MMseqs2 (Steinegger and Soding, 2017),
MUSCLE (Edgar, 2004) ir EBI EMBOSS Needle (Madeira et al., 2024).
Baltymy ir jy kompleksy struktiry modeliavimas buvo atliekamas
AlphaFold2 (Evans et al., 2022; Jumper et al., 2021; Mirdita et al., 2022) ir
AlphaFold3 (Abramson et al., 2024).

Darbe naudotos plazmidés buvo sukonstruotos Gibson assembly ir
kryptingos mutagenezés metodais. Visy plazmidziy sekos buvo patvirtintos
atliekant Sanger arba visos plazmidés sekoskaitg.

Lastelése gaminamy cAn nustatymui bakterijy lizatai buvo paruosti i§ E.
coli lasteliy, transformuoty plazmidémis koduojanéiomis S. thermophilus
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CRISPR-Cas sistemos variantus ir taikinio geng. Geny raiska indukuota IPTG
ir lastelés surinktos centrifuguojant, suardytos ir atlikta metabolity analizé
HPLC-MS metodu. Bakteriofagy sukeliamos cA, sintezés jvertinimui
panaudotas MS2 bakteriofagas ir pries ji nukreipta S. thermophilus 111 tipo
CRISPR-Cas sistema E. coli NovaBlue (DE3) kamiene.

Baltymai ir Csm kompleksai buvo iSgryninti i§ E. coli lgsteliy naudojant
giminingumo chromatografijos ir kai kuriais atvejais dydziy chromatografijos
metodus. Atskirty StCsm6 CARF ir HEPN domeny oligomerinés biisenos
nustatytos naudojant dydziy chromatografijos metodg ir lyginant su zZinomy
dydziy standartais. CCaCalpL-CalpT-CalpS efektoriaus komponenty
oligomerinés buisenos buvo jvertintos SEC-MALS metodu.

RNR substratai RNR nukleazinio aktyvumo tyrimams bei taikinio RNR
Csm kompleksy aktyvacijai in vitro buvo paruosti in vitro transkripcijos
metodu, naudojant atitinkamas DNR su T7 promotoriumi.

StCsm ir CCaCsm kompleksy in vitro gaminamy cA, jvertinimui
kompleksai buvo inkubuojamai su specifinémis taikinio RNR ir ATP
reakcijos miSiniuose esant reikiamy metalo jony. Susidare cAn, produktai
toliau buvo analizuojamai HPLC-MS metodu. StCsm ir CCaCsm kompleksai
analogi$kai buvo panaudojami ir radioaktyviai Zyméty cAs ir CAs sintezei,
reakcijos miSinius papildant a-*?P-ATP. Prie§ naudojant tolimesniuose
tyrimuose, tiksliniai sintezés produktai buvo i$skiriami i§ gelio.

Ziedo nukleazés reakcijos buvo atlickamos naudojant sintetinius cAs, CAg,
cAs, As>p, Asp, As>p bei StCsm susintetinta cAn miSinj ir analizuojant
reakcijos produktus HPLC-MS arba naudojant radioaktyviai zymétus cAy ir
CcAs ir analizuojant autoradiografiSkai vizualizuotus reakcijos produktus
denatiruojan¢iame gelyje. Kinetiniams reakcijy parametrams (Kobs if Kiat)
nustatyti buvo pritaikomas eksponentinis substrato nykimo modelis arba
tiesinés regresijos analizé. CCaCalpL vykdomai cA4 hidrolizei apraSyti buvo
taikomas nuoseklaus skaidymo modelis, apraSantis cAs virtimg tarpiniais ir
galutiniais produktais, o grei¢io konstantos nustatytos atlickant netiesinés
regresijos analizg. RNR hidrolizés reakcijy produktai buvo analizuojami
denatiiruojanciame gelyje. Konkurenciniame RNR karpymo eksperimente ]
reakcijg buvo pridedamas jvairus cAg Kiekis (0-500 uM), o reakcijy kinetika
buvo nustatyta pritaikant substrato nykimo eksponentinio modelio kreiveg.

Proteazés reakcijos buvo atliekamos inkubuojant CCaCalpL ir CCaCalpT-
CalpS (arba tik CCaCalpT) 37°C temperatiroje 120 minucéiy reakcijos
misinyje esant CAs, CA4, As>p, Asp arba Az>p ir Azp. Reakeijy produktai buvo
analizuojamai denattiruojancios baltymy elektroforezés (SDS-PAGE)
metodu.
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Duomenys CCaCalpL susiri$usio su cAas, As>p ir Asp struktiiry nustatymui
buvo surinkti naudojant ,,Glacios“ krio-transmisijos elektroninj mikroskopa
(Thermo Fisher Scientific). Vaizdai buvo apdoroti ,,CryoSPARC* (v.4.2.1)
(Punjani et al. 2017; Punjani et al. 2020). Atominis modelis paruostas
naudojant Coot (v.0.9.8.1) (Emsley et al., 2010), remiantis AlphaFold2
sugeneruotu modeliu ir toliau patobulintas naudojant ,,phenix.real space
refine* (Liebschner et al., 2019). Struktiiriniams duomenims atvaizduoti buvo
naudojama ,,ChimeraX‘ (v.1.5) (Meng et al., 2023).

Baltymy saveikos tyrimams buvo pasitelkiamas BLI metodas, naudojant
Octet K2 sistema (Sartorius). Baltymy saveikos tyrimai buvo vykdomi ant
biosensoriaus imobilizuojant CCaCalpT-CalpS arba CCaCalpS, per
CCaCalpS C-gale esanCig gryninimo zyme ir perkeliant j Sulinélj su
besiriSanciu baltymu (CCaCalpL ir cAs miSiniu arba E. coli RNR pol.).
Papildomai CCaCalpT-CalpS sgveika po kirpimo CCaCalpL buvo tiriama
magnetinémis dalelémis iSgaudant baltymus, kurie sgveikauja su per C-galo
gryninimo Zymg¢ imobilizuotu CCaCalpS.

CCaCalpT-CalpS komplekso komponenty ir produkty susidaranciy po
CCacCalpL kirpimo toksiSkumas E. coli Igsteléms buvo jvertintas auginant E.
coli lasteles, iSreiSkianCias pavienius komponentus ir komponenty
kombinacija, ant agarizuotos mitybinés terpés su induktoriumi arba skystoje
terpéje su induktoriumi ir matuojant ODego 16 valandy kas 10 minuciy.
Degrono jvertinimui reporterinéje sistemoje GFP degradacijos eksperimentai
buvo atliekami tiek auginant lasteles ant agarizuotos terpés, tiek skystoje
terpéje 12 valandy sekant lasteliy augima ir GFP fluorescencija.

REZULTATAI
cAs signalinio kelio reguliacija

2017 m. mano kolegos, dirbantys dr. Gintauto Tamulai¢io vadovaujamoje
mokslingje grupéje, atrado cikliniy oligoadenilaty (cAn) signalinj kelia,
dalyvaujantj bakterijy apsaugoje nuo jas puolanciy virusy (Kazlauskiene et
al., 2017). Sis atradimas buvo padarytas tiriant modeling III-A tipo CRISPR-
Cas sistemg i§ Streptococcus thermophilus (St) DGCC8004, kurig sudaro
adaptacijos genai (casl ir cas2), CRISPR regionas, cas6 genas, koduojantis
uz crRNR brendimg atsakingg baltyma, bei interferencijos kompleksa
formuojanc¢iy Cas baltymy genai (casl10, csm2, csm3, csm4 ir csmb) (1 pav.
A) (Tamulaitis et al., 2014). Salia taip pat yra koduojami du pagalbiniai
efektoriai - StCsm6 ir StCsmé6’, sudaryti i§ CARF ir HEPN domeny.

128



Bakteriofago infekcijos metu Csm interferencijos kompleksas susiriSa su
uzpuoliko RNR ir tai paruosia CaslO subvienetg cikliniy oligoadenilaty
sintezei (CAn, kur n = 3-6), kuri yra nutraukiama StCsm komplekso Csm3
subvienetams perkirpus ir paleidus suristg taikinio RNR (1 pav. B). cA, yra
signalinés molekulés, kurios aktyvuoja pagalbinius efektorius. S.
thermophilus sistemoje tai yra StCsm6 ir StCsm6’ — nespecifinés RNR
nukleazés, kurias aktyvina cAe (Kazlauskiene et al., 2017). Tac¢iau homologas
i§ Thermus thermophilus (TtCsm6) yra aktyvinamas CcAs, 0 ne CcAg
(Kazlauskiene et al., 2017).

A S. thermophilus DGCC8004

CRISPR
cas1 cas2 regionas cas6 casi0 csm2 ¢sm3 csmé csm5 csm6’ csmé
A ) I I )|
1kb
=
B _)u) CastOHD g \ CARR \
S HERN
degradacija inaktyvuotas i8jungimo
(z) Cas10.Paim /\Csins mechanizmas?
_—
0,0 N
b7
cA,, sintezé —y
(3)Csm3 -
I-R NR . _>—/\_/'\'/'\'/'\,M’ Csm6 RNR -
(SRR taikinio RNR hidrolizé  aktyvacija hidrolizé

1 pav. S. thermophilus I11-A tipo CRISPR-Cas Sistema. (A) Il1-A tipo CRISPR-
Cas sistemos regionas S. thermophilus kamieno DGCC8004 genome (GenBank ID:
KM222358.1). (B) Sistemos veikimo mechanizmas. StCsm interferencijos
kompleksui atpazinus ir suriSus bakteriofago transkripta yra aktyvinamas didysis
komplekso subvienetas Cas10. Cas10 HD nukleazinis domenas pradeda degraduoti
viengranding DNR (1), i§stumtg transkripcijos burbule, o Palm domenas i§ ATP ima
sintetinti CA, signalines molekules (2). Pagalbiniy efektoriy StCsm6 ir StCsm6’
sensorinis CARF domenas suri$a cAg ir tai aktyvina HEPN domeno RNR nukleazinj
aktyvumg. Aktyvintas HEPN degraduoja RNR. Casl0 aktyvumai yra iSjungiami
StCsm komplekso suristg taikinio RNR perkirpus Csm3 subvienetams (3), taiau néra
aisku, ar/kaip jau susintetintos cAs molekulés yra paSalinamos.

In vitro StCsm kompleksas i§ ATP sintetina jvairiy cAn misinj, kuriame
dominuoja cAs. Taciau StCsm6 RNR nukleaze aktyvina tik nedideliais
kiekiais sintetinamas cAs (Kazlauskiene et al., 2017). Sie rezultatai iskéle
keleta svarbiy klausimy: (i) kokie cAn sintetinami bakterijy lasteléje; (ii) ar 111
tipo CRISPR-Cas sistema veikia kaip abortyvinés gynybos mechanizmas,
sukeliantis lastelés Ziitj, o gal cAn yra suskaidomi po jy sintezés nutraukimo;
(iii) jei cAn yra degraduojami, kaip tai yra reguliuojama?

Luzis tyrimuose jvyko 2018 m., kai prof. M. White'o vadovaujama
mokslininky grupé surado, kad kai kurios IIT tipo CRISPR-Cas sistemos
koduoja specializuotus CARF domeno baltymus, vadinamus CRISPR Ziedo
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nukleazémis (Crn) ir specifiS$kai hidrolizuojanéius cA4 (Athukoralage et al.,
2018). Todél iskéléme hipoteze, kad CARF-HEPN sandaros baltymai
StCsm6, StCsm6’ ir TtCsm6 taip pat galéty degraduoti cAs arba CAu,
pasitelkdami savo CARF domenus.

A cA, control cAg control B .\,
cA, + wi-TICsm6 (1000 nM) cAg + wit-TtCsm8 (1000 nM)

x10° ~Bg>p ch, x10° chAg CARF

S5 CiFar 4 5 Aﬁg CARF hidrolizuoja cA,

q H = 7.37 i

@ i @ i

i e
<0 - < hidrolizuoja cA,?

T T T T T - 1 g Y
16 18 20 22 24 16 18 20 22 24 a.. '}"":_,
UZlaikymo laikas, min UZlaikymo laikas, min O L

2 pav. TtCsm6 Ziedo nukleazinis aktyvumas. (A) TtCsm6 hidrolizés reakcijy su
CA4 ir CAg analizé HPLC-MS metodu. Reakcijos miSinyje buvo 20 uM cA4 arba cAs
ir 0, 100 arba 1000 nM laukinio tipo (wt-TtCsm6), inkubuota 120 min 37°C
temperatiiroje. (B) Schematinis siilomo Csm6 ziedinés nukleazés aktyvumo
atvaizdavimas. HEPN domeno dalyvavimas cA, skaidyme néra nustatytas.

Siekdami patikrinti Sig hipoteze, pirmiausia patikrinome, ar TtCsm6 gali
hidrolizuoti savo aktyvatoriy cAs (2 pav. A). Siuos eksperimentus atliko dr.
Irmantas Mogila. Aukstos gebos skysCiy chromatografijos ir masiy
spektrometrijos (HPLC-MS; ang. high-performance liquid chromatography -
mass spectrometry) metodu nustatéme, kad per 2 valandas TtCsm6 paverté
CA4 | linijinj diadenilatg su cikliniu-2',3" fosfatu (A2>p). HPLC-MS analize
atliko Audroné Ruksénaité. Si reakcija atitiko Crnl Ziedo nukleazés vykdoma
reakcija (Athukoralage et al., 2018) ir patvirtino, kad TtCsmé6 taip pat gali
veikti kaip ziedo nukleazé. Nepriklausomi tyrimai dar labiau sustiprino §iuos
pastebéjimus, kai buvo pademonstruota, kad tiek TtCsm6, tiek T. onnurineus
Csm6 (ToCsm6) specifiSkai hidrolizuoja cAs (Athukoralage et al., 2019; Jia
et al., 2019b).

Pastebéjome, kad esant aukStai baltymo koncentracijai, TtCsm6
hidrolizuoja ne tik cAs, bet ir cAs, nors cAs molekulé yra per didelé, kad tilpty
i CARF domeno suri§imo kiSeng. Todél iskéléme hipoteze, jog Csm6
ribonukleazés gali pasitelkti HEPN domenag visy Il tipo CRISPR-Cas Csm
komplekso sintetinamy cA, hidrolizei (2 pav. B). Sig hipoteze paremia ir tai,
kad ToCsm6 kristalingje struktroje cA4 yra suristas tiek CARF, tiek prie
HEPN domeny (Jia et al., 2019b). Norédami iSsamiau istirti cAn signalinio
kelio reguliacija, toliau tyréme S. thermophilus IlI-A tipo CRISPR-Cas
sistemo cAg signalinio kelio deaktyvavimo mechanizma bei StCsm6/StCsm6’
CARF ir HEPN domeny vaidmenj cA, hidrolizéje.
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CA sintezé ir degradacija E. coli lgstelése

Pirmiausia, pasitelke HPLC-MS metoda, nustatéme, kad StCsm
interferencijos kompleksa isreiskianciose E. coli lastelése cA, pasiskirstymas
skiriasi nuo stebéto in vitro. Metabolity iSskyrimag i§ lasteliy ir jy analizg
HPLC-MS metodu atliko dr. Jesper F. Havelund ir dr. Nils J. Faergeman.
Lastelése daugiausiai buvo gaminama cAs ir CAs (3 pav.), 0 in vitro StCsm
daugiausia gamina CAs, Siek tiek CA4 bei CAs ir tik nedidelj kiekj cAs, kuris
aktyvina StCsm6 (Kazlauskiene et al., 2017).

A
CRISPR
Tc? taikinys
/ E. coli Lasteliy auginimas
transformacija (+IPTG) HPLC-MS analizé
B
CA; mmcA, mmcA; mmCcAg
25

o

cA,,, pmol/mg
- A N
o ()]

pCas/Csm

o

- I

1 4 8
Laikas po indukcijos, h

3 pav. E. coli Igsteléese StCsm komplekso sintetinamy cAn analizé. (A)
Eksperimento schema. E. coli lastelées buvo transformuotos plazmidémis:
pCRISPR_Tc¢, pCas/Csm (dHD-Cas10, dCsm3, ACsm6'ACsmé6) ir pTarget Tc.
Plazmidé pCRISPR_Tc kodavo CRISPR regiong skirta atsparumo tetraciklinui geno
transkriptui komplementarios crRNR produkcijai, o pTarget Tc plazmidé kodavo
tetraciklino atsparumo geng (TcR). Siekdami padidinti detektuojamy cAn kiekj bei
sumazinti galimg toksiSkumg naudojome pCas/Csm (dHD-Casl0, dCsm3,
ACsm6'ACsm6), kuri kodavo StCsm komplekso baltymus, taciau jy visy, iSskyrus
Cas10 Palm domeno, aktyvis centrai turéjo iSveiklinancias mutacijas, o pagalbinius
efektorius StCsm6 ir StCsm6’ koduojantys genai buvo pasalinti i§ konstrukto. I§
surinkty lasteliy, kuriose StCsm interferencijos komplekso raiska buvo indukuota,
lizaty iskirti metabolitai buvo analizuojami HPLC-MS metodu. (B) cA, varianty
pasiskirstymas prie§ StCsm komplekso raiskos indukcija (0 h) ir pragjus 1, 4 ir 8
valandoms po indukcijos. cAn kiekis jvertintas pmol miligrame lasteliy kultiiros.
Paklaidos zymi bent dviejy eksperimento pakartojimy standartinj nuokrypj.

Sia cAn sintezés E. coli lastelése strategija taip pat panaudojome patvirtinti,
kad anks¢iau in vitro nustatyti cA, sintezés reikalavimai (Han et al., 2018;
Kazlauskiene et al., 2017; Nasef et al., 2019; Niewoehner et al., 2017;
Rouillon et al., 2018) islieka nepakite sintezei vykstant lgstelése. Panaudoje
jvairias pCas/Csm, pCRISPR ir pTarget varianty kombinacijas patvirtinome,
kad cA, sintezei svarbu, jog: (i) crRNR skirtuko seka turi biiti komplementari
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taikinio RNR sekai — kompleksas turintis crRNR su S3 skirtuku nebuvo
aktyvinamas TcR geno transkripto, o TcR geno neturinti pTarget ctrl
neaktyvino cAg sintezés; (ii) taikinio RNR 3’-apsupties seka turi nebti
komplementari crRNR 5’-galo sekai — mutacijos TcR gene (pTarget_Tc™"),
jvedancios 3'-apsupties ir crRNR 5’-galo sekos komplementaruma,
neaktyvino cAs sintezés; (iii) Cas10 turi turéti aktyvy Palm domeng su GGDD
katalitiniu motyvu — Cas10 Palm domeno mutantas negebéjo sintetinti cAg (4

pav.).

A x108 B
5 12
@ .
g g 3-apsupties seka crRNR skirtukas
© .
5
» 4
©
<<
[} 0

; crRNR
pCRISPR: Tc S3 Tc Tc Tc 5'.galo seka
pTarget: Tc Tc mut ctl T
Palm-Cas10*: [} ® [ ] [ O r»
*: @ aktyvus O neaktyvus RNR pol. -

4 pav. I11-A tipo CRISPR-Cas sistemos elementai reikalingi cAs sintezei vykti.
(A) cAe sintezés jvertinimas E. coli 1gstelése transformuotose nurodytomis pTarget ir
pCRISPR plazmidémis bei iSreiSkianciose StCsm kompleksa (dCsm3, dHD-Casl10,
ACsm6’ACsm6) su nesugadintu Casl0 Palm domenu Palm-Casl0 (juodas
apskritimas) arba GGDD Kkatalitiniame motyve mutacija turin¢iu Palm domenu
dPalm-Cas10 (baltas apskritimas). (B) Schema vaizduojanti cA, sintezei reikalingus
elementus: (i) crRNR skirtuko sekos ir taikinio RNR komplementarumas, (ii)
komplementarumo nebuvimas tarp taikinio 3’-apsupties sekos ir crRNR 5'-galo sekos,
(iii) aktyvus Cas10 Palm domenas su GGDD Katalitiniu motyvu.

Pakeite skirtuko seka pCRISPR plazmidéje, nukreipéme StCsm kompleksa
pries RNR genomg turintj bakteriofagg MS2 ir jvertinome cAs sintezg
infekcijos metu (5 pav. A). Pragjus 16 valandy nuo StCsm komplekso
iSreiskianciy lgsteliy kulttiros uzkrétimo MS2 bakteriofagu buvo stebimas cAg
kaupimasis (5 pav. B). Tad cAs sintezé yra aktyvinama StCsm kompleksui
reaguojant tiek j plazmidinés, tiek j virusinés kilmés svetimas nukleoriigstis.

Nustatg, kad StCsm6 ir StCsm6' aktyvatoriaus cAs sintezé efektyviai
vyksta StCsm kompleksa isreiskiant E. coli Iastelése, toliau patikrinome, kaip
keiciasi cAs produkcija lasteléms kartu su StCsm kompleksu iSreiSkiant
pagalbinius efektorius StCsm6 ir StCsm6’. Lyginant su auksciau apraSytu
eksperimentu (3 pav. B), E. coli lasteliy, i$reiSkianéiy StCsmé ir StCsm6’, cAs
kiekis buvo Zenkliai Zemesnis (1 lentelé). Jdomu, kad ne tik cAs, bet ir visy
kity cAn kiekiai buvo paveikti StCsm6 ir StCsm6’ raiSkos (1 lentelé). Tai
leidzia manyti, kad S. thermophilus IlI-A tipo CRISPR-Cas pagalbiniai
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efektoriai yra atsakingi uz juos aktyvianancio cAs ir visy kity StCsm
komplekso sintetinamy cAn, degradavima.

x103

V.
(o))
1

cAg signalas, s.v.
B
A

(%]
1

J

HPLC-MS analizé

Q-
E. coli pCRISPR:  MS2 MS2 S3

transformacija x j\ bakteriofagas: @] MS2 MS2

qutellu auglnlmas Uzkrétimas
bakteriofagu
5 pav. cAs sintezé bakteriofago infekcijos metu. (A) Eksperimento schema. E. coli
lastelés buvo transformuotos plazmidémis: pCRISPR MS2 ir pCas/Csm (dHD-
Casl0, dCsm3, ACsm6’ACsm6). Po indukcijos lastelés buvo uzkréstos MS2
bakteriofagu. I po 16 valandy auginimo surinkty lasteliy lizaty iSskirti metabolitai
buvo analizuojami HPLC-MS metodu. (B) cAg sintezés jvertinimas E. coli lastelése,
transformuotose nurodyta pCRISPR plazmide, iSreiskianc¢iomis StCsm kompleksa
(dCsm3, dHD-Casl0, ACsm6'ACsm6) ir uzkréstomis MS2 bakteriofagu arba
neinfekuotomis (baltas apskritimas).

1 lentelé. cAn Kiekis nustatytas E. coli 1astelése, kai l1astelése nebuvo (A) arba buvo
vykdoma StCsmé6 ir StCsm6' raiska. Pateikiamos bent dviejy eksperimento
pakartojimy veréiy vidurkis ir standartinis nuokrypis; n.d.- matavimo metu signalas
nedetektuotas.

cAn kiekis, pmol/mg

e laikas, h AStCsm6’'AStCsm6 StCsm6’, StCsm6
0 0.24 +0.15 0.000 + 0.001
A 1 0.94 +0.20 0.005 + 0.007
4 1.51 +0.56 0.002 + 0.003
8 2.87 +0.68 0.017 +0.007
0 0.39 +0.10 n.d.
A 1 1.62 +0.13 0.003 + 0.005
4 3.88+1.18 n.d.
8 9.78 + 1.57 n.d.
0 0.04 +0.03 n.d.
A 1 1.58 +0.004 n.d.
4 2233+ 458 n.d.
8 17.89 + 4.05 n.d.
0 0.12 +0.07 0.126+0.178
A 1 2.80 +0.88 0.005 + 0.007
4 12.91 + 3.80 n.d.
8 9.79 +1.07 n.d.
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StCsmé6 ir StCsm6' vykdoma cAg hidrolizé in vitro

Siekdami i$samiai in vitro detalizuoti StCsm6 ir StCsm6’ vykdoma cAs
hidrolizg, sickéme pasigaminti lengvai detektuojama substrata — radioaktyviai
zyméta cAs arba/ir kitus zymétus cA,. Tam i§ naujo jvertinome ir
optimizavome cAg sintezés salygas. Atlikta sintezés reakcijy produkty HPLC-
MS analizé parodé, kad naudojant taikinio RNR pertekliy ir Mg?" kaip
kofaktoriy sintetinamy cA, miSinyje Zenkliai padidéjo susintetinamo cAg dalis
(6 pav.). Audroné Ruksénaité atliko $ig ir visas toliau disertacijoje minimas
HPLC-MS analizes. Siomis optimizuotomis salygomis atlikdami reakcijg ir
papildomai j jg pridéje a-*P-ATP, pasigaminome radioaktyviai Zymétg cAs,
kurj naudojome tolimesniuose tyrimuose.

Reakcijos buferis Y Reakcijos buferis H

; CA; CA;CA, CA:cAg " cA; cA, CcAscA;
LT 7 Jwt-StCsm x10 ' dCsm3-StCsm
2 fa 1:1 (StCsm:RNR) 20 1:1 (StCsm:RNR)
CDZ‘ 24 87 COZ‘
1h 0 1h
“|dCsm3-StCsm : 7dCsm3-StCsm
1:1 (StCsm:RNR) 20+ ' 1:50 (StCsm:RNR)
Co?* 112439 |Co®
1h 0 S~ in
T]dCsm3-StCsm = i T]dCsm3-StCsm
1:50 (StCsm:RNR) & 20 112485 19.1 (StCsm:RNR)
" S ! 2+
fﬁz & o 17.64} 11949 L :AE
]dCsm3-StCsm N " T1dCsm3-StCsm
H _ |1:1(StCsm:RNR) 112485 [1:50 (StCsm:RNR)
: " Mg : Mg?"
. d1h 1h
T1dCsm3-StCsm 1dCsm3-StCsm
H g7 |1:50 (StCsm:RNR) 1:50 (StCsm:RNR)
E Mg?* 2.5 Mg?*
: 1h 0- 16 h
T - T ‘] - T = T r T T - T - T
10 14 18 22 26 10 14 18 22 26

UZlaikymo laikas, min

UZlaikymo laikas, min

6 pav. cAs sintezés salygu optimizavimas. StCsm komplekso cA, sintezés HPLC-
MS analizés rezultatai. Reakcijos buvo atliktos naudojant wt arba dCsm3-StCsm
kompleksa esant StCsm:taikinio RNR moliniam santykiui 1:1 arba 1:50 nurodytame
reakcijos buferyje su nurodytu metalo jono kofaktoriumi. Reakcijos buvo
inkubuojamos 1 arba 16 valandy.

ISgrynintus StCsm6 ir StCsm6’ baltymus inkubavome su radioaktyviai
pazymétu cAg ir nustatéme, kad abu baltymai geba hidrolizuoti cAs ir reakcijai
néra reikalingi metalo jonai (7 pav. A). O pasitelkiant HPLC-MS analizé
identifikavome reakcijos produktus: 2'3'-ciklinj AMP (A>p), linijinj
diadenilatg su 2',3'-cikliniu fosfatu (A2>p) ir linijinj triadenilata su 2',3'-
cikliniu fosfatu (As>p) (7 pav. B).
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7 pav. StCsm6 ir StCsm6’ vykdoma cAs hidrolizé. (A) StCsm6 ir StCsm6’
vykdoma radioaktyviai Zyméto cAs hidrolizé. Reakcijos produktai analizuoti
denatiiruojanéiame poliakrilamidiniame gelyje. (B) cAs karpymo reakcijos produkty
analizé¢ HPLC-MS metodu. Rausva spalva zZymi cAs kontroling reakcija, t. y.,
reakcijos miSinj be baltymo.

Kadangi tiek StCsm6, tiek StCsm6’ baltymai pasizyméjo tokiu paciu cAs
karpymo aktyvumu ir yra artimi strukttriniai homologai, turintys ~34%
identisky amino rugsciy (Kazlauskiene et al., 2017; Tamulaitis et al., 2014),
paprastumo délei toliau tyriné¢jome tik vieng i§ homology — StCsm6.

Atskirty CARF ir HEPN domeny aktyvumo tyrimai
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8 pav. Atskirty StCsm6 CARF ir HEPN domeny biocheminé analizé. (A) Wt-
StCsm6 ir jo CARF (1-169 aminoriigstys) bei HEPN (172-428 aminoriigstys)
domeny schema. Aktyvumui svarbios aminoragstys pazymétos. (B) CARF ir HEPN
domeny oligomerinés blisenos nustatymas dydziy atskirties chromatografijos metodu.
Eksperimentinés molekulinés masés buvo apskaiciuotos remiantis dydzio standartais
BSA (67 kDa), ovalbuminas (43 kDa), chimotripsinogenas A (25 kDa) ir ribonukleazé
A (13,7 kDa). (C) Izoliuoty CARF ir HEPN domeny RNR nukleazinio aktyvumo
palyginimas su neaktyvuotu ir cAs aktyvuotu wt-StCsm6. Reakcijose buvo
naudojama 10 nM a-*2P Zyméto RNR substrato, 10 nM baltymo ir, jei nurodyta, 10
NM cAs. Reakcijos produktai analizuoti denatliruojanciame gelyje. dHEPN
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(izoliuotam HEPN domenui su R371Air H367A mutacijomis) buvo naudojama 10
uM baltymo koncentracija.

StCsm yra sudarytas i§ CARF ir HEPN domeny, sujungty a-spiraliniu 6H
domenu. Norédami identifikuoti, kuris domenas yra atsakingas uz cAs
hidrolizg, mes sukonstravome ir i§gryninome atskirus StCsm6 CARF (1-169
aminoriigstys) ir HEPN (172—428 aminortigs§tys) domenus (8 pav. A), kurie,
kaip ir pilno ilgio StCsm6 (Kazlauskiene et al., 2017), tirpale formavo dimerus
(8 pav. B). Domeny atskyrimg ir oligomerinés biisenos jvertinima atliko
Augusté Rimaité. 1zoliuotas HEPN domenas islaiké nezymy RNR nukleazinj
aktyvumg, panasy j neaktyvinto wt-StCsm6 aktyvuma, o atskirtas CARF
domenas nepasizyméjo RNR nukleaziniu aktyvumu (8 pav. C).
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9 pav. Atskirty StCsmé CARF ir HEPN domeny vykdoma cAs hidrolizé. (A)
Atskirty laukinio tipo CARF ir HEPN domeny bei jy mutantiniy varianty dCARF (su
D12A mutacija) ir dHEPN (su R371A, H376A mutacijomis) vykdoma cAg hidrolizé
substrato nepritekliaus sglygomis ([S]<[E]). Reakcijose buvo naudojama 50 nM
zyméto cAe ir 1| uM CARF/dCARF varianty arba 10 uM HEPN/dHEPN varianty.
Reakcijos produktai analizuoti denatiiruojan¢iame gelyje. (B) Atskirty laukinio tipo
CARF ir HEPN domeny vykdoma cAs hidrolizé substrato pertekliaus salygomis
([ST>[E]). Reakcijose buvo naudojama 50 nM Zyméto cAs, 10 uM neZyméto cAg ir 1
UM CARF arba 10 pM HEPN domeno. Reakcijos produktai analizuoti
denatiiruojanciame gelyje. (C) Csm6 homology CARF domeno fragmento (1-20
aminortigitys) seky palyginys. Zaliai pabrauktos aminoriigitys, esan&ios kilpoje, kuri,
spéjama, yra netoli cAs suriSimo vietos (8-14 aminoriigStys). Konservatyvus
glutamatas pazymétas zvaigzdute. (D) cAs karpymo CARF ir HEPN domenais
produkty analizé HPLC-MS metodu. Hidrolizés reakcijoms buvo naudojama 20 uM
CAs ir 1 uM CARF arba 10 uM HEPN.
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Toliau patikrinome, ar atskiri CARF ir HEPN domenai geba degraduoti
radioaktyviai zymétg cAs (9 pav. A ir B). Substrato nepritekliaus salygomis
([SI<[E]) CARF domenas hidrolizavo cAs efektyviau nei HEPN (9 pav. A).
Sis tik silpnas HEPN aktyvumas gali biiti nulemtas to, kad be prilieto CARF
domeno HEPN negali biti alosteriSkai aktyvinamas ir pasizZymi tik nedideliu
likutiniu RNR nukleaziniu aktyvumu (8 pav. C). Remdamiesi Csm6
homology seky palyginiu (9 pav. C) bei lygindami StCsm6 struktiirinj modelj
su cAs karpancio T. onnurineus Csm6-cAs struktira (PDB ID: 606V),
identifikavome, kad konservatyvi aminoriigstis D12 galéty biiti svarbi CARF
domeno Zziedo nukleazés aktyvumui. Tai patvirtinome jvesdami DI12A
mutacija CARF domene (dCARF variantas) — Sis variantas visiskai neteko
gebéjimo hidrolizuoti CAs (9 pav. A). Be to, HEPN domene jvedus mutacijas
R371A ir H376A (dHEPN variantas), kurios, kaip Zinoma, isjungia RNR
karpyma (Kazlauskiene et al., 2017), buvo i§jungta ir cAs hidrolizé (9 pav. A
ir 8 pav. C). Vadinasi, tas pats HEPN domeno aktyvusis centras yra atsakingas
tiek uz linijinés RNR, tiek uz cAs hidrolizg.

Pasitelke HPLC-MS analiz¢ nustatéme, kad CARF domenas hidrolizuoja
cAs iki galutinio As>p produkto (9 pav. D). CARF dimere kiekvieno i§ CARF
domeny aktyvusis centras hidrolizuoja cAs, taciau tai jvyksta nekoordinuotai,
todél reakcijos pradzioje stebimas tarpinio junginio Ag>p susiformavimas.
Kitaip nei CARF, HEPN domenas cAgs karpo iki jvairaus ilgio linijiniy
produkty su 2'-3'-cikliniu fosfatu: As>p, As>p, As>p, Ax>p ir A>p (9 pav. D).
Tad tiek CARF, tiek HEPN domenai hidrolizuoja cAs, taciau hidrolizés
produktai skiriasi.
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10 pav. Atskirty CARF ir HEPN domeny vykdoma cAn miSinio hidrolizé (A) cA,
hidrolizés reakcijy analizé¢ HPLC-MS metodu. Reakcijose buvo ~30 uM cA;, 10 nM
wt-StCsm6 arba 1 pM CARF arba 10 pM HEPN domeno. Reakcijos buvo
inkubuojamos 16 valandy arba, wt-StCsm atveju, 90 minuciy. (B) Wt-StCsm6 RNR
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hidrolizés reakcijos su cAg arba CAs signalinémis molekulémis. Reakcijose buvo
naudojama 10 nM baltymo, 10 nM radioaktyviai Zymétos RNR ir 100 nM cAs arba
CAs. Méginiai analizuoti elektroforezés denatiiruojanciame gelyje metodu.

Toliau patikrinome, ar wt-StCsmé ir atskirti jo domenai geba hidrolizuoti
kitus StCsm komplekso gaminamus cAn. Pilno ilgio StCsm6 hidrolizavo cAn
misinj iki A>>p ir A>p galutiniy produkty, HEPN domenas linearizavo visy
dydziy cAn, o CARF domenas specifiskai hidrolizavo cAs iki Az>p (10 pav.
A). CARF domenas taip pat geb¢jo linearizuoti cAs iki As>p, taciau cAs Wt-
StCsm6 RNR nukleazinio aktyvumo nestimuliuoja (10 pav. B), todél cAs
hidrolizé, tikétina, néra specifinis reguliacijos mechanizmas. Tad StCsm6
CARF domenas yra ziedo nukleazé, specifiska cAs, 0 HEPN domenas
degraduoja cAg ir Kitus cAy, pasitelkdamas savo RNR nukleazinj aktyvuma.

CARF ir HEPN domeny vaidmuo pilno ilgio StCsm6 baltyme

Siekdami jvertinti tikétinos alosterinés sgveikos tarp CARF ir HEPN
domeny pilno ilgio StCsm6 baltyme svarba cAg hidrolizei, sukonstravome ir
iSgryninome pilno ilgio StCsm6 baltymus su iSveiklintu CARF domenu
(dCARF-StCsm6) arba su isveiklintu HEPN domenu (dHEPN-StCsm6).
Substrato nepritekliaus saglygomis ([S]<[E]) dHEPN-StCsm6 hidrolizavo cAs
panasiu grei¢iu kaip ir wt-StCsm6 (atitinkamai Kops= 0.27 = 0.10 min ir Kops=
0.19 + 0.04 min?) ir tik apytiksliai du kartus 1é¢iau nei pavienis CARF
domenas (Kobs= 0.47 + 0.18 min™?) (11 pav. A ir 9 pav. A). Be to, dCARF-
StCsme, taip pat kaip pavienis HEPN domenas, beveik nehidrolizavo cAg (11
pav. A ir 9 pav. A). Tai rodo, kad esant mazai substrato koncentracijai, cAs
yra suriSamas ir hidrolizuojamas CARF domene.

Aktyvinto HEPN domeno gimininguma cAs jvertinome atlikdami
konkurencinj RNR karpymo eksperimenta. Tik labai didelé cAs koncentracija
(>100 uM lyginant su 10 nM RNR koncentracija) émé slopinti RNR karpyma
(11 pav. B). Vadinasi, HEPN domenas pasiZymi nedideliu giminiskumu cAs,
o pagrindinis aktyvinto HEPN domeno substratas yra linijiné RNR.

Substrato pertekliaus sglygomis ([S]>[E]) dHEPN-StCsm6, kaip ir
pavienis CARF domenas, hidrolizavo cAs gerokai l1éciau nei wt-StCsm6 ar
dCARF-StCsm6 (11 pav. A ir 9 pav. B). Tai reiskia, kad alosteri$kai
aktyvintas HEPN domenas gerokai efektyviau hidrolizuoja cAs nei CARF
domenas. O hidrolizés efektyvumo skirtumas tarp dCARF-StCsm6 ir wt-
StCsm6 galéty biiti nulemtas D12A mutacijos, kuri taip pat sumazina CARF
domeno gimininguma cAe aktyvatoriui — dCARF-StCsm6 RNR nukleazei
aktyvinti reikia zenkliai didesnés cAg koncentracijos nei wt-StCsm6 atveju
(11 pav. C).
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11 pav. Pilno ilgio StCsm6 vykdoma cAe hidrolizé. (A) cAs hidrolizés reakcijos
substrato nepritekliaus ([S]<[E]) ir substrato pertekliaus ([S]>[E]) salygomis.
Substrato nepritekliaus salygomis atliktose reakcijose buvo naudojama 50 nM
radioaktyviai Zyméto cAg ir 1 pM nurodyto StCsmé6 varianto. Substrato pertekliaus
sglygomis atliktose reakcijose papildomai pridéta 10 uM nezyméto cAs. (B)
Konkurencinis RNR karpymo eksperimentas. Buvo vertinamas RNR hidrolizés
greitis, reakcijos miSinyje esant 10 nM radioaktyviai zymétos RNR, 10 nM wt-
StCsm6 ir 0-500 UM cAs. Pateikiami trijy eksperimenty RNR hidrolizé greicio
konstanty (Kops) veréiy vidurkiai su standartiniai nuokrypiais. (C) dCARF-StCsm6
vykdomos RNR hidrolizés priklausomybé nuo cAg koncentracijos. Reakcijose buvo
naudojama 10 nM baltymo, 10 nM radioaktyviai zymétos RNR ir 0-1000 nM cAe.

Apibendrinant, StCsm6 CARF domenas yra léta, bet cAs specifiska Ziedo
nukleaz¢, o alosteriskai aktyvintas HEPN domenas yra efektyvi RNR
nukleazé, kuri pirmiausia degraduoja linijing RNR ir tik esant aukS$tai cAs
koncentracijai hidrolizuoja Sig signaling molekule.

I11-A tipo CRISPR-Cas sistemos reguliacijos mechanizmas

Jverting StCsm komplekso vykdomg cA, sinteze E. coli Igstelése bei atlike
StCsm6 ziedo nukleazinio aktyvumo analiz¢ in vitro, galéjome pasiilyti
papildytg S. thermophilus I11-A tipo CRISPR-Cas veikimo mechanizma su
cAs signalinio kelio reguliacijos etapu (12 pav.).

Svetimg transkriptg suriS¢gs StCsm interferencijos kompleksas ima
sintetinti jvairaus dydzio cAn. StCsm6 sensorinis CARF domenas suriSa cAs
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aktyvatoriy, o tai aktyvina HEPN domeno RNR nukleazinj aktyvuma ir yra
inicijuojama linijinés RNR degradacija. Kadangi CARF pasizymi ziedo
nukleaziniu aktyvumu, specifiSku cAs, jis 1étai hidrolizuoja surista aktyvatoriy
iki As>p. Aktyvatoriaus perkirpimas veikia kaip laikmacio mechanizmas,
iSjungiantis HEPN domeng. Prie CARF domeno prisijungus naujai cAs
molekulei, HEPN domenas v¢l aktyvinamas. Kai d¢l HEPN domeno RNR
nukleazinio aktyvumo sumaz¢ja lokali linijinés RNR koncentracija, o cAn
koncentracija padidéja, HEPN domenas ima efektyviai degraduoti cAn. StCsm
interferencijos komplekso Csm3 subvienetams perkerpus taikinio RNR ir
paleidus kirpimo produktus, cA; sintezé yra i§jungiama, o lgsteléje susikaupe
CAn yra toliau degraduojami aktyvinto StCsm6, taip visisSkai iSjungiant
signalinj kelig. Dél to infekcija jveikusi lastelé gali iSvengti zuties ir atsigauti.
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12 pav. Papildytas S. thermophilus I11-A tipo CRISPR-Cas sistemos veikimo
mechanizmas. StCsm interferencijos komplekso susiri$§imas su uZpuoliko transkriptu
jjungia Casl0 subvieneto fermentinius aktyvumus: HD nukleazés domenas ima
degraduoti transkripcijos burbule iSstumta viengranding DNR (1), o Palm domenas
ima i§ ATP sintetinti cAn (2). Pagalbinio efektoriaus StCsm6 CARF domenas surisa
CAs ir tai inicijuoja nespecifing RNR hidrolize aktyvuotu HEPN RNR nukleazés
domenu. StCsm6 aktyvavimg reguliuvoja CARF domenas, kuris veikia kaip cA6
specifiska ziedo nukleazé, 1étai paveréianti cAs i linijinj As>p. Be to, StCsm
komplekso Csm3 subvieneto atlickama tikslinés RNR hidrolizé (3) i§jungia cAn
sinteze, o susikaupusius cA, hidrolizuoja aktyvuotas StCsm6é HEPN domenas.
Signalas yra visiskai iSjungiamas ir Igstelé gali atsigauti.

Struktiriniais duomenimis paremtos jzvalgos j cAe hidrolizés
mechanizmg

Lygiagre¢iai su misy cAg Signalinio kelio reguliacijos tyrimu, buvo
publikuotas straipsnis, aprasantis Enterococcus italicus Csm6 (EiCsm6)
kristaling struktiirg ir cAe hidrolize (Garcia-Doval et al., 2020), o véliau
struktiiri$kai ir biochemiSkai buvo charakterizuotas ir StCsm6’ (McQuarrie et
al., 2023). Csm6 homology tyrimai patvirtino miisy rezultatus, kad tiek
CARF, tiek HEPN domenai dalyvauja cAs karpyme, o esant Zemai cAs
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koncentracijai, pagrindinj vaidmen;j atlicka CARF domeno ziedo nukleazinis
aktyvumas (Garcia-Doval et al., 2020; McQuarrie et al., 2023).

Remiantis publikuotomis struktiiromis, Ae hidrolize nulemia steriniai
veiksniai, kurie privercia liganda jgyti konformacijg, leidziancia ribozes 2'-
OH vykdyti nukleofiling ataka j hidrolizuojama fosfata (Garcia-Doval et al.,
2020; McQuarrie et al., 2023). Nors konservatyvi D12 aminortgstis
nesgveikauja tiesiogiai su cAs, ji gali stabilizuoti kataliting kilpa, turin¢ig G-
X-[T/S]-DP motyva, per vandenilinius rySius su G9 amidu arba
konservatyvaus serino (S106 StCsm6’; S112 EiCsm6; S105 StCsmé6) Sonine
grandine (13 pav.). Tai paaiskinty D12A mutacijos poveikj CARF domeno
aktyvumui (9 ir 11 pav.).

HEPN CARF

13 pav. Katalitinés Kilpos stabilizavimas. (A) cAs aktyvatoriy suriSusio StCsmé6’
struktira PDB ID: 8PE3 (McQuarrie et al., 2023). StCsm6’ dimerg formuojantys
monomerai nuspalvinti rozine ir violetine. (B) Priartinta katalitiné kilpa (zalia) ir jos
formuojami kontaktai. T11 Soninés grandinés OH grupé sudaro vandenilinj rysj su
hidrolizuojamuoju fosfatu, o N10 amidas sudaro ry§j su ribozés 2'-OH (geltonos
punktyrinés linijos). D12 Soniné grandiné galéty sudaryti katalitinés kilpos padétj
stabilizuojancius vandenilinius rySius su G9 pagrindinés grandinés atomais arba su
S106 Sonine grupe (mélynos punktyrinés linijos).

Trinario efektoriaus mechanizmo tyrimai

Pastaraisiais metais buvo apibiidinta daugybé naujy III tipo CRISPR-Cas
CAREF efektoriy (Steens et al., 2022; Stella and Marraffini, 2024), o dar
daugiau jy identifikuota kompiuteriniais metodais (Altae-Tran et al., 2023;
Hoikkala et al., 2024; Makarova et al., 2020a), tadiau geriausiai iStirtais
efektoriais iSlicka CARF-nukleazés, o SAVED domeng turin¢iy efektoriy
molekuliniai mechanizmai tebéra menkai suprasti. Todél antruoju
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doktorantiiros studijy tyrimo objektu pasirinkome Lon-SAVED efektoriy,
kuris, kartu su dviem tame paciame operone koduojamais baltymais, yra
randamas Candidatus Cloacimonas acidaminovorans (CCa) IlI-A tipo
CRISPR-Cas sistemoje.

Mums bevykdant Siuos tyrimus Rouillon ir kt. apibiidino homologinj
efektoriy i§ Sulfurihydrogenibium spp. YO3AOPL (Ss) (Rouillon et al., 2023).
Jie nustaté, kad Lon-SAVED baltymas, pavadintas CalpL (angl. CRISPR-Cas
associated Lon protease), kartu su CalpT ir CalpS sudaro trinarj efektoriy. Be
to, parode, kad cAs aktyvinta SsCalpL proteazé perkerpa anti-c faktoriy
SsCalpT ir taip iSlaisvina ¢ faktoriy SsCalpS, kad jis saveikauty su RNR
polimeraze (RNR pol) ir keisty geny raiska (Rouillon et al., 2023) (14 pav.).
Taciau iSliko neatsakyti svarbis klausimai: koks yra CalpT perkirpimo CalpL

proteaze mechanizmas, kokia yra jvykiy seka, nulemianti CalpS paleidima po
CalpT perkirpimo, ir kaip $is trinaris efektorius yra reguliuojamas. Norédami
atsakyti j Siuos klausimus, mes teséme iSsamiy CCaCalpL-CalpT-CalpS
efektoriaus charakterizavima, ypatinga démes] skirdami reguliacijos
mechanizmui.
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svetima RNR heterodimeras

SsCaIpS%;b igjungimo
o faktorius mechanizmas?
s s —

perkirptas taikinys

RNR pol. I B

____________________

Geny raiskos i
! poky¢iai | —

RNR polimerazés holoferments

14 pav. Sulfurihydrogenibium spp. 111-B tipo CRISPR-Cas trinario pagalbinio
efektoriaus CalpL-CalpT-CalpS veikimo mechanizmas. Uzpuoliko RNR suris¢s
111-B tipo interferencijos kompleksas sintetina cAs, kuriuos atpaZjsta ir surisa SsCalpL
baltymo SAVED domenas. cA suriS§imas aktyvina SsCalpL Lon proteazés domena,
kuris proteolizuoja anti-o faktoriy SsCalpT. Dél SsCalpT perkirpimo dar nenustatytu
biidu islaisvinamas o faktorius SsCalpS, kuris toliau prisijungia prie RNR
polimerazés ir gali keisti geny raiska.
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Ca. C. Acidaminovorans trinaris efektorius CalpL-CalpT-CalpS

Pirmiausiai atlik¢ homologiniy regiony paieskg patvirtinome, kad Ca. C.
acidaminovorans $alia III-A tipo CRISPR-Cas sistemos koduojamas trinaris
CalpL-CalpT-CalpS efektorius yra homologiskas randamam
Sulfurihydrogenibium spp. YO3AOP1 (15 pav. A ir B) (Rouillon et al., 2023).

A Candidatus Cloacimonas acidaminovorans str. Evry
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15 pav. Ca. C. acidaminovorans koduoja trinarj pagalbinj efektoriu. (A) Ca. C.
acidaminovorans I11-A tipo CRISPR-Cas operono (NCBI ID: NC_020449.1) schema.
Melyna spalva pazymeéti pagalbinius efektorius koduojantys genai. RoZiniame fone —
calpL-calpT-calpsS trinario efektoriaus genai. (B) CCaCalpL, CCaCalpT ir CCaCalpS
baltymy sandaros schema su homologinémis sritimis, nustatytomis naudojant
HHpred. (C) Isgryninty baltymy SDS-PAGE elektroforezé: wt-CCaCalplL,
CCaCalpT-CalpsS (CalpS su C-gryninimo zZyme), CCaCalpT (su C-gryninimo Zyme)
ir CCaCalpS (su C-gryninimo zyme). M — baltymy molekulinés masés standartas. (D)
ISgryninty baltymy SEC-MALS analizé: CCaCalpL (C-gryninimo zymé pasalinta
TEV proteaze), CCaCalpT-CalpS (C-gryninimo Zyme ant CCaCalpS), CCaCalpT (su
C-gryninimo Zyme) ir CCaCalp$S (su C-gryninimo Zyme).

ISgryninty trinario efektoriaus komponenty SEC-MALS analizé atskleidé,
kad CCaCalpL, CCaCalpT ir CCaCalpS tirpale yra monomerai, o kartu
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i8reiks§ti CCaCalpT ir CCaCalpS baltymai sudaro stabily heterodimerg (15
pav. D).

A ® ® @ o o CCaCapT-CapS B ® o CCaCalpT
® @ ® O O wtCCaCalpL e e wt-CCaCalpL
© O O @ ®S154A-CCaCalpl ~ KDaM O @ CAy  po yonavimas (3.6063-3.767 min)
O ® O O O cA 100/85 == = 54255 10
kbaM O O @ O @ cA 70/60 = x10 2
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100/85 == 50 e —— 0.5
70/60 == 40 == QP ===
50 s e — CCaCalpL i 0
4028 T CCaCalpT 25 +ES| skanavimas (4.171-4.284 min)
30 = JCCaCalpS 7 14219.66 s
s ~ 20 = x10 X 34048.64
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kirpimo vieta

16 pav. CCaCalpL aktyvatoriaus identifikavimas ir CCaCalpT Kirpimo vietos
nustatymas. (A) CCaCalpL proteazinio aktyvumo analizé SDS-PAGE metodu.
Reakcijose buvo naudojama 5 uM CCaCalpL (wt arba Lon proteazés aktyvaus centro
S154A mutanto), 5 uM CCaCalpT-CalpS ir 0 arba 25 uM cA4 arba cAs. Reakcijos
buvo inkubuotos 120 min. (B) CCaCalpT kirpimo vietos nustatymas. Proteazinés
reakcijos produktai buvo analizuojami SDS-PAGE metodu ir tiksli mas¢ jvertinama
HPLC-MS metodu. Apacioje schematiSkai pavaizduota kirpimo vieta CCaCalpT
baltymo sekoje.

Toliau nustatéme, kad tik cAs veikia kaip CCaCalpL proteazés
aktyvatorius ir aktyvinta CCaCalpL perskelia CCaCalpT, esantj CCaCalpT-
CalpS heterodimere, j du proteolizés fragmentus (16 pav. A). Taip pat
nustatéme, kad CCaCalpT baltymas yra kerpamas alaninais praturtiname
motyve 22LAAA, tarp A204 ir A205 aminoriigi¢iy. Po kirpimo susidaro 24.3
kDa N-galinis (CCaCalpTan) ir 10.9 kDa C-galinis (CCaCalpTiic)
fragmentai (16 pav. B).

A B Imobilizuotas CCa Besirigantis
baltymas: baltymas:
- CalpS E. coli RNR pol.
CCaCalpS b CalpS-CalpT E. coli RNR pol.
., — CalpS-CalpT(perkirptas) E. coli RNR pol.
| \ E. coli RNR pol ]
§ -; o . Eos
g = 5
= [}
£ ‘ g 04
o : 2
o ] (=)
2 - | =
= ] o
@ 1 © 0
S T T T T T r T
s ] : @ 360 400 440 480 520 560
o Laikas, s Laikas, s

17 pav. o faktoriy primenandios CCaCalpS baltymo savybés. (A) BLI
eksperimento schema. CCaCalpS, CCaCalpT-CalpS arba perkirptas CCaCalpT-
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CalpS buvo imobilizuoti ant Ni-NTA biosensoriaus (imobilizacija), ir sensorius
patalpinamas j $ulinélj su E. coli RNR pol (susiri§imas). Susiri§img indikuoja
stebimas bangos ilgio poslinkis. (B) CCaCalpS saveikos su E. coli RNR pol BLI
eksperimento asociacijos ir disociacijos kreivés. Pateikiamos vidutinés trijy
eksperimenty reik§més su standartiniais nuokrypiais.

Kadangi CCaCalpS yra panaSus | ¢ faktoriy, panaudoj¢ biosluoksnio
interferometrijos  (BLI, angl. biolayer interferometry) metods
pademonstravome, kad ant biosensoriaus imobilizuotas pavienis CCaCalpS
geba sgveikauti su E. coli RNR pol (17 pav. A ir B), o CCaCalpT veikia kaip
anti-c faktorius ir blokuoja CCaCalpS sgveikg su RNR pol. Tac¢iau CCaCalpL
vykdoma CCaCalpT proteolizé neiSlaisvino CCaCalpS susiriSimui su RNR
pol (17 pav. C), vadinasi, vien CCaCalpT Kirpimo CCaCalpL proteaze
neuztenka, kad CCaCalpS bty paleidziamas i§ CCaCalpT-CalpS komplekso.

CCacCalpS paleidimo mechanizmas
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18 pav. CCaCalpS paleidimo tyrimai. (A) CCaCalpT-CalpS heterodimero
AlphaFold2 modelis, nuspalvintas pagal modelio patikimumo jvercius: labai Zemas
(pLDDT <50); zemas (70> pLDDT >50); patikimas (90> pLDDT >70); labai aukstas
(pLDDT >90). Punktyriné linija zymi sgveikos pavir$iy. (B) CCaCalpT-CalpS
heterodimero disociacijos po CCaCalpT perkirpimo CCaCalpL proteaze analizé. Su
CCaCalpS susiri$e baltymai analizuoti SDS-PAGE metodu. M — baltymy molekulinés
masés standartas. (C) E. coli Igsteliy, iSreiSkian¢iy CCaCalpS ir pilno ilgio CCaCalpT,
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CCaCalpTaun, CCaCalpTiic arba perkirpto CCaCalpT kombinacijas, serijiniai
skiedimai.

Pagal CCaCalpT-CalpS heterodimero AlphaFold2 modelj, CCaCalpT su
CCaCalpS saveikauja per CCaCalpT N-galinj domeng, o CCaCalpT kirpimo
vieta yra nutolusi nuo baltymy saveikos pavirSiaus (18 pav. A). ISanalizave
kokie baltymai lieka asocijuoti su CCaCalpS po CCaCalpL katalizuojamos
reakcijos, nustatéme, kad CCaCalpS liko susiriSgs su abiem CCaCalpT
fragmentais (18 pav. B). Tai reiskia, kad lastelése CCaCalpToan turi bti
papildomai apdorojamas, kad paleisty CCaCalpS.

Tam patikrinti E. coli lastelése isreiskéme jvairias CCaCalpS ir CCaCalpT
varianty kombinacijas (18 pav. C). Pavienio CCaCalpS raiska buvo toksiska
E. coli lasteléms, o §j toksiSkumg gerokai sumazino pilno ilgio CCaCalpT
raiSka, bet ne jo kirpimo produkty (18 pav. C), patvirtinant, kad tik pilno ilgio
CCaCalpT veika kaip anti-c faktorius.
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19 pav. CCaCalpT2sn degrono tyrimai. (A) E. coli Igsteliy, isreiskian¢iy CCaCalpS
ir laukinio tipo (wt) CCaCalpT.n arba A204D mutacijg turintj CCaCalpTasn.
Pateikiamos trijy eksperimenty vidutinés reik§més su standartiniais nuokrypiais. (B)
GFP fluorescencijos slopinimo eksperimentas. E. coli lastelés, transformuotos
plazmidémis, koduojanc¢iomis GFP, sulieta su skirtingais degronais (PETLQLAA —
wt CCaCalpTan C-degronas, PETLQLAD — mutantinis CCaCalpTan C-degronas,
ENYALAA — dalinis ssrA C-degrono fragmentas). Wt-CCaCalpTan C-degronas
sumazino GFP fluorescencija (kairéje), taciau neturéjo jtakos kolonijas formuojanciy
vienety (CFU) skai¢iui (desingje). (C) Su degronais (kaip B dalyje) sulieto GFP
degradacijos tyrimas E. coli Igstelése laikui bégant. GFP fluorescencijos signalas
buvo normalizuotas pagal optinj tankj. Pateikiamos trijy eksperimenty vidutinés
reikSmés su standartiniais nuokrypiais.

PrieSingai nei in vitro (17 pav. B), E. coli lgstelése CCaCalpT kirpimo
produkty ko-raiSka neturéjo jokios jtakos CCaCalpS toksiskumui (18 pav. C),
kas reiSkia, kad lgstelése CCaCalpS yra paleidziamas po CCaCalpT
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perkirpimo. Sj paleidima nulemia ant CCaCalpTan fragmento naujai
susiformavusiame C-gale eksponuojama degrono seka, kuri nukreipty jj
tolimesnei nuo ATP priklausomy proteaziy degradacijai. Tai patvirtinome
stebédami CCaCalpS toksiSkumg E. coli lasteléms, isreiSkianc¢ioms
CCaCalpTasn su laukinio tipo arba mutacijg turiné¢iu C-degronu (19 pav. A),
bei priliejg CCaCalpToan C-degrono sekg prie reporterinio zaliai
fluorescuojancio baltymo (GFP, angl. Green fluorescent protein) (19 pav. B
ir C). Kaip teigiama kontrole prie GFP priliejome ir dalinj, gerai
characterizuotg SsrA degrona (ENYALAA) (Fei et al., 2020).

Taigi, po CCaCalpL proteazés vykdomo CCaCalpT kirpimo susidarantis
CCaCalpTan fragmentas turi C-degrong, kuris nukreipia jj tolimesniam
degradavimui, taip iSlaisvindamas E. coli 1gsteléms toksiskg CCaCalpS.

Reguliacijos mechanizmas — CCaCalpL pasizymi zZiedo nukleaziniu
aktyvumu

Toliau siekéme patikrinti, ar CCaCalpL geba reguliuoti save
hidrolizuodamas aktyvuojancias signalines molekules kaip StCsmé.
Nustatéme, kad CCaCalpL pasizymi ziedo nukleaziniu aktyvumu — baltymas
hidrolizavo radioaktyviai zyméta cAs, o Siai reakcijai nebuvo reikalingi
metalo jonai (20 pav. A). CCaCalpL specifiSkai hidrolizuoja tik cAa,
susidarant trims kirpimo produktams: Asp (linijinis tetraadenilatas su 3'-
fosfatu), A2>p (linijinis diadenilatas su 2',3’-cikliniu fosfatu) ir Azp (linijinis
diadenilatas su 3'-fosfatu) (20 pav. B).

Substrato pertekliaus salygomis ([S] > [E]) cA4 pirmiausia buvo ver¢iamas
1 pirmajj tarpinj reakcijos produkta As>p (linijinj tetraadenilata su 2',3'-
cikliniu fosfatu), o tuomet As>p buvo konvertuojamas j antrg linijinj tarpinj
produkta Asp, kuris galiausiai buvo perskeliamas j du linijinius dinukleotidus
Ax>p ir Azp (20 pav. C). Tarpiniy produkty kaupimasis reakcijos eigoje rodo,
kad (i) po kiekvieno kirpimo etapo tarpiniai reakcijos produktai disocijuoja i$
CCaCalpL aktyvaus centro ir (ii) kiekviename vélesniame reakcijos etape
CCacCalpL ziedo nukleazés reakcijos greitis mazéja daugiau nei 10 karty (20
pav. C).

Substrato nepritekliaus atveju ([S] < [E], 50 nM cAs ir 1 uM CCaCalpL)
reakcija vyko pagal ta patj mechanizmg: cAs buvo palyginti greitai (per keletg
sekundziy) konvertuojamas j A4>p ir Asp, 0 Asp palyginti 1étai (per deSimtis
minuéiy) konvertuojamas j A>p ir Azp (20 pav. C).

Be to, nustatéme, kad tiek A4>p, tiek Asp stimuliuoja CCaCalpL proteazés
aktyvuma, o galutiniai reakcijos produktai A,>p ir Azp neaktyvina CCaCalpL
(20 pav. D).
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20 pav. CCaCalpL Ziedo nukleazinio aktyvumo tyrimai. (A) Radioaktyviai Zyméto
CA4 karpymas wt-CCaCalpL baltymu reakcijos miSinyje su metalo jonais arba be jy.
Reakcija, kurioje buvo 1 uM CCaCalpL, 50 nM radioaktyviai zyméto cAs ir 1 mM
EDTA, 10 mM Mg(CH3COOQ), arba 1 mM MnCl,, buvo inkubuota 90 minuciy. (B)
CAsz, CA4 ir cAs karpymo wt-CCacalpL baltymu reakcijy HPLC-MS analizé.
Punktyrinés linijos Zymi kontrolines reakcijas be baltymo (cAsz — mélyna, cA4 — Zalia,
cAs — raudona). (C) cAs karpymas substrato nepritekliaus ([S] < [E]) (kairgje) ir
substrato pertekliaus ([S] > [E]) salygomis (deSinéje). Reakcijos miSiniuose buvo 1
uM wt-CCaCalpL ir 50 nM radioaktyviai zyméto cAas, reakcijoms su substrato
pertekliumi buvo papildomai jdéta 10 pM neZyméto cA4. Produktai buvo patvirtinti
atliekant HPLC-MS analizg. Apacioje substrato cAs ir tarpiniy kirpimo produkty
kiekio priklausomybé nuo laiko. Pateikiami trijy eksperiemnty duomenys.
Duomenims pritaikius eksponentinio kitimo model;j (vientisos linijos) buvo jvertintos
reakcijy greicio konstantos (Kobs): Kobst = 34 + 2 min™!, Kepsz = 2.2 £ 0.1 min™ ir Kops3
=0.092 £ 0.003 min'. (D) Wt-CCaCalpL proteaziné reakcija aktyvacijai naudojant
CA4, As>p, Asp arba Ax>p ir Azp. Reakcijos miSinyje buvo 5 uM CCaCalpL, 5 uM
CCaCalpT-CalpS ir 0 arba 25 uM nurodyty adenilaty. Reakcijos buvo vykdomos 120
min ir analizuotos SDS-PAGE metodu. M — baltymy molekulinés masés standartas.
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CCaCalpL Ziedo nukleazeés aktyviojo centro tyrimai

cA,-CCaCalpL A,>p-CCaCalpL A4p-CCaCalpL

ccaCalpL' §

CCaCalpL|

H Sﬁésér
@\‘@ '

—-Sonmes grupés kontaktai
- Soninés grupés ir pagr. grandinés kontaktai

21 pav. CCaCalpL struktiriniai tyrimai. (A) Wt-CCaCalpL, susiriSusio su cAa,
As>p arba Asp, krio-EM analizé, 2D klasés. (B) Wt-CCaCalpL susiriSusio su cAs
(zalias), As>p (raudonas) ir Asp (geltonas) modeliai ir elektrony tankio Zemélapiai.
Gretimi subvientai filamentuose nuspalvinti skirtingais violetinés atspalviais. (C)
Saveikos tarp gretimy SAVED domeny ir tarp jy suristo cAs. Sviesiai violeting -
pirminis CCaCalpL subvienetas, tamsiai violetiné — antrinis CCaCalpL’ subvienetas.
(D) Kontaktai tarp baltymo ir cAs adenino baziy. (E) Kontaktai tarp baltymo ir cA4
fosfodiesterinio karkaso.

Siekdami nustatyti detaly cAs karpymo mechanizmg atlikome wt-
CCaCalpL, susiriSusio su cAs4, As>p arba Agsp, struktirinius tyrimus
naudodami kriogeninés elektroninés mikroskopijos (krio-EM) metoda. Krio-
EM eksperimentus atliko dr. Giedrius Sasnauskas ir dr. Giedré Tamulaitiené.
Wt-CCaClpL, susirisgs tiek su cAy, tiek su As>p, tiek su Asp, formavo
trumpas filamentines struktiiras (21 pav. A). Baltymo, susiriSusio su cAu,
atveju gavome 2,97 A skiriamosios gebos krio-EM Zemélapj, susirisusio su
As>p - 2,81 A, o susiridusio su Asp — 2,75 A. Gauti elektroniniai tankiai leido
rekonstruoti modelius dviejy ir trijy gretimy CCaCalpL subvienety SAVED
domeny bei dviejy pilny CCaCalpL subvienety ir SAVED domeno i treciojo
CCaCalpL subvieneto (21 pav. B). Visais trejais atvejais CCaCalpL
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monomerai filamente oligomerizuojasi ,,galva - uodega™ principu, o
aktyvatorius yra jsiterpes tarp gretimy SAVED domeny (21 pav. B). Pirminis
CCaCalpL subvienetas suriSa aktyvatoriy gilios kiSenés viduje, o gretimas
(antrinis) subvienetas CCaCalpL’ su aktyvatoriumi sgveikauja per iskily
pavirSiaus motyva priesingoje domeno puséje (21 pav. C). SuriSto cAs adenino
bazés ir fosfodiesterinis karkasas sudaro sgveikas su dvejais SAVED
domenais (21 pav. D ir E) - aktyvatoriaus suri§imas SAVED-SAVED
saveikos pavirsiuje nulemia CCaCalpL oligomerizacija.
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22 pav. UZ cAs hidrolize atsakingos CCaCalpL aminoragstys. (A) Spéjamos
katalitinés aminoriigitys ir jy saveika su cAg, As>p ir Asp. (B) Zyméto cAq hidrolize
naudojant potencialiy katalitiniy aminortig§¢iy mutantinius ir wt CCaCalpL variantus.
Reakcijose buvo 1 uM CCaCalpL ir 50 nM Zyméto cAs. wt CCaCalpL gelis
pakartotinai panaudotas i§ 20 pav. C. (C) R358A ir H396A-CCaCalpL proteazés
reakcija, naudojant cAs, As>p arba Asp kaip aktyvatorius. Reakcijose buvo 5 pM
CCaCalpL, 5 uM CCaCalpT-CalpS ir 0 arba 25 uM cAs, As>p ar Asp. Reakcijos
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inkubuotos 120 min ir analizuotos SDS-PAGE. (D) As>p ir Asp hidrolizés reakcijy
HPLC-MS analizé naudojant H396A-CCaCalpL.

Remiantis nustatytomis CCaCalpL struktiiromis, S395 ir H396 i§ pirminio
CCaCalpL subvieneto ir R358' ir K361’ i§ antrinio CCaCalpL’ subvieneto
i§sidésto netoli kerpamojo fosfodiesterinio rysio, jungiancio ketvirtajj (A4) ir
pirmaji (A1) adenozinus, todél galéty sudaryti ziedo nukleazés aktyvyjj centra
(22 pav. A). R358A ir H396A mutacijos turéjo didziausig jtaka cA4 hidrolizei:
R358A stipriai susilpnino cAs hidrolize, o H396 visiskai panaikino ziedo
nukleazinj aktyvuma (22 pav. B). Idomu, kad abu mutantai silpniau ri$o
tarpinius reakcijos produktus (As>p ir Asp) — jie praséiau stimuliavo
proteazinj aktyvuma (22 pav. C). Tad H396 ir R358" galéty dalyvauti
koordinuojant 5'-OH ir 2',3'-ciklinj fosfatg / 3'-fosfata As>p ir Asp tarpiniy
reakcijos produkty galuose. Tad galime manyti, kad H396 ir R358" yra
katalitinés aminoriigStys atsakingos uz du pirmuosius ziedo nukleazés
reakcijos etapus: cAs hidrolize iki As>p ir uz As>p pavertimg j Asp.

Taciau fosfodiesterinio rysio tarp A2 ir A3 perkirpimas paverciant Asp |
galutinius reakcijos produktus A>>p ir Azp yra gerokai neaiskesnis. CCaCalpL
struktirose vyrauja viena As>p ir Asp suriS§imo padétis, kurioje molekuliy
galai orientuoti link katalitiniy H396 ir R358’ liekany. Uz A2-A3 rysio
hidrolize galéty biiti atsakingos H476' ir K330/, taCiau jy mutantiniai variantai
vykdé cAs hidrolize iki galutiniy diadenilty (22 pav. B). Alternatyviai, tiek
Al-A4, tiek A2-A3 fosfodiesteriniai rySiai galéty buti hidrolizuojami tame
paciame aktyviajame centre, jei Asp gali biiti suriSamas dviem skirtingomis
padétimis. Tai paaiSkinty léta Asp hidrolize ir H396A-CCaCalpL
nesugebéjima linearizuoti cAg4, taciau Siuo metu negalime nei patvirtinti, nei
paneigti antrojo aktyviojo centro egzistavimo.

Filamento svarba CCaCalpL aktyvumams

CCaCalpL filamente uz ziedo nukleazinj aktyvuma yra atsakingos
aminoriigstys H396 ir R358' i§ gretimy SAVED domeny (22 pav.), tad
nenuostabu, kad filamento formuoti negebantis R358E/K361E-CCaCalpL
variantas prastai karpé ir cA4 (>100 karty 1é¢iau nei wt-CCaCalpL) (23 pav.).
Sumais¢ R358E/K361E-CCaCalpL. su ziedo nukleaziniu aktyvumu
nepasizymin¢iu  H395A-CCaCalpL variantu, atkiiréme SAVED-SAVED
sgveikos pavirsiy ir ziedo nukleazés aktyvyjj centrg - toks baltymy misinys
hidrolizavo cAs; pana$iai efektyviai kaip ir wt-CCaCalpL (23 pav. C).
Vadinasi, CCaCalpL oligomerizacija yra svarbi zZiedo nukleazés aktyvumui.
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23 pav. CCaCalpL filamento svarbos Ziedo nukleaziniam aktyvumui tyrimai. (A)
R358E/K361E-CCaCalpL ir H396 A-CCaCalpL sumazinto foninio triuk§mo krio-EM
mikrografijos, pavyzdZio misinyje esant cAs. (B) cAs karpymui reikalingo SAVED-
SAVED saveikos pavirsiaus atkiirimo schema. Sumaisius ziedo nukleazés aktyvumo
neturintj H396A-CCaCalpL varianta (2) su filamenty formuoti negebanéiu
R358E/K361E-CCaCalpL (1), turéty buti formuojami dimerai ar R358E/K361E-
CCaCalpL uzsibaigiantys trumpi filamentukai, atkuriantys SAVED-SAVED
saveikos pavirsiy ir atstatantys Ziedo nukleazés aktyvuma (3). (C) Ziedo nukleazinio
aktyvumo atstatymo tyrimas. Reakcijy numeracija pagal schema B dalyje. cAs
hidrolizés reakcijos buvo atlickamos substrato nepritekliaus salygomis, naudojant 1
uM CCaCalpL ir 50 nM cAs. Siekiant patogesnio palyginimo, cAs hidrolizés,
naudojant H396A-CCaCalpL ir wt-CCaCalpL baltymus, geliy vaizdai i§ 22 pav. B ir
20 pav. C panaudoti dar kartg.

Taip pat patikrinome, ar aktyvatoriaus prisijungimo sukelta CCaCalpL
oligomerizacija yra svarbi proteazés taikinio suriSimui. BLI metodu
jvertinome ant biosensoriaus jmobilizuotos CCaCalpT-CalpS susiri§img su
CCaCalpL (24 pav. A). IS tirty varianty, susiriSimas su taikiniu buvo stebimas
tik filamentus formuojanCio H396A-CCaCalpL atveju, kai susiriS§imo
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misinyje buvo cAs (23 pav. A ir 24 pav. B). Tai rodo, kad CCaCalpL
oligomerizacija yra biitina sgveikai su proteazés taikiniu CCaCalpT-CalpS.

B
~7-H396A-CCaCalpL be aktyvatoriaus
E/K361E- L
‘CE?SaIE‘S ' —©—-R358E/K361E-CCaCalpl 4 UM cA,
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Laikas, s CCaCalpL konc, pM

24 pav. CCaCalpL filamento svarbos proteazés taikinio suriS§imui tyrimai. (A)
BLI eksperimento schema. CCaCalpT-CalpS imobilizuojamas ant Ni-NTA
biosensoriaus (imobilizacijos zingsnis) ir stebima, ar prie jo prisirisa CCaCalpL, esant
jvairioms pastarojo koncentracijoms (suriS§imo zingsnis). (B) SusiriS$imo
priklausomybé nuo CCaCalpL koncentracijos. Normalizuotas susiri§imas yra lygus
bangos ilgio pokytis susiriSimo zingsnyje (A suri§. / bangos ilgio poslinkio
imobilizacijos zingsnyje (A imob.). Pateikiamos trijy eksperimenty vidutinés vertés
su standartiniais nuokrypiais.

Modelio patikimumas:
labai Zemas (pIDDT < 50) W
Zemas (pIDDT > 50)

) patikimas (90 > pIDDT > 70) &
[ labai aukstas (pIDDT > 90) WM | <7}

25 pav. CCaCalpL ir CCaCalpT saveikos filamente modelis. Trimerinio
CCaCalpL filamento (CCaCalpL’-CCaCalpL-CCaCalpL”), susiriSusio su dviem
CCaCalpT-CalpS heterodimerais ([CCaCalpT’-CalpS’]-[CCaCalpT-CalpS]),
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AlphaFold3 modelis. AAAA RNR molekulés (Zalios sferos) buvo sumodeliuotos kaip
aktyvatoriaus atitikmuo. CCaCalpS pavaizduoti raudonos spalvos atspalviais,
CCaCalpT — geltonos spalvos atspalviais, CCaCalpL — violetinés spalvos atspalviais.

Remiantis aktyvinto trijy CCaCalpL subvienety ir dviejy CCaCalpT-CalpS
komplekso kopijy filamento AplhaFold3 modeliu (25 pav.), CCaCalpT’
sudaro auksto patikimumo sgveikos paviriy (960 A2) su CCaCalpL'.
CCaCalpT' kilpa (194-210 aminortigstys) isiterpia j Salia esanc¢io CCaCalpL
Lon proteazés domeng ir CCaCalpT kirpimo vieta atsiduria salia CCaCalpL
Lon proteazés aktyviojo centro.
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26 pav. CCaCalpL oligomerizacijos svarbos proteaziniam aktyvumui tyrimas.
(A) As>p aktyvinamy CCaCalpL dimery atkiirimo schema. (B) Wt, R358E/K361E,
H396A CCaCalpL varianty bei R358E/K361E-CCaCalpL sumaiSyto su H396A-
CCaCalpL sumazinto triuk§mo krio-EM mikrografijos, pavyzdzio miSinyje esant
As>p. (C) Proteazés reakcijos. Numeravimas pagal A dalies schema. Reakcijose buvo
naudojama 5 pM CCaCalpL, 5 uM CCaCalpT-CalpS ir 25 uM As>p.

Remiantis modeliu, reikia maziausiai dviejy CCaCalpL subvienety, kad
CCaCalpT bity perkerpamas. Sj pastebéjima patvirtinome i3 dviejy filamenty
neformuojanciy ir dél to neaktyviy CCaCalpL varianty (R358E/K361E-
CCaCalpL ir H396A-CCaCalpL esant As>p) atkurdami aktyvy dimera (26
pav.). Be to, panaudoj¢ R358E/K360E ir H396A CCaCalpL variantus
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turinéius papildomg S154A mutacija Lon proteazés aktyviajame centre
patvirtinome CCaCalpL ir CCaCalpT-CalpS issidéstyma filamente, nuspéta
AlphaFold3 modelyje (25 pav.) — proteazés aktyvuma atkiiré H396A/S154A
ir R358E/K361E mutantiniy baltymy kombinacija (26 pav.). Tad galime
teigti, kad CCaCalpL oligomerizacija yra bitina sgveikai su proteazes
taikiniu, proteaziniam ir ziedo nukleazés aktyvumams.

Papildytas CalpL-CalpT-CalpS trinario efektoriaus veikimo
mechanizmas

CalpS-CalpT
heterodime@s

o J
CalpS \?'
o faktorius Sy

taikinio

i filamento
CA4 surisimas s formavimas

CalpL monomeras
CalpS

e

4‘{“‘ 2

-degrono

suformavimas
taikinio

perkirpimas o
I Geny raiskos '
: pokygiai |
I ! faaN

filamento iSirimas

RNR pollmerazes holofermentas

27 pav. Papildytas 11 tipo CRISPR-Cas apsaugos, veikianc¢ios per trinarj CalpL-
CalpT-CalpS efektoriy, mechanizmas. Su uzpuoliko RNR susiris¢s Csm/Cmr
interferencijos kompleksas sintetina cAs, kurj specifiskai atpazjsta ir suriSa CalpL
SAVED domenas. Su cA4 susiriS¢gs CalpL oligomerizuojasi ir susiriSa su CalpL
proteazés taikiniu - CalpT-CalpS kompleksu. Suformuotame filamente CalpL
perkerpa CalpT ir ant fragmento suformuojama C-degrono seka. Si seka nukreipia
CalpT fragmenta tolimesnei degradacijai, dél ko suyra kompleksas ir i§laisvinamas
CalpS, kuris toliau sgveikauja su RNR polimeraze ir kei¢ia geny raiska.

Palyginus su $io skyriaus pradZioje pateiktu CalpL-CalpT-CalpS veikimo
mechanizmu (14 pav.), ¢ia apraSytas iSsamus trinario efektoriaus i§ Ca. C.
acidaminovorans charakterizavimas atskleidé triikstamas mechanizmo
detales. 27 paveikslas iliustruoja $io darbo rezultatais papildytg CalpL-CalpT-
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CalpS trinario efektoriaus veikimo mechanizmg. III tipo CRISPR-Cas
sistemos interferencijos kompleksui atpazinus ir suriSus uzpuoliko transkripta,
pradedamos gaminti cAs signalinés molekulés, kurios specifiskai riSasi su
CalpL baltymo SAVED domenu. Sis susiri§imas inicijuoja CalpL filamento
formavimasi ir CalpT-CalpS komplekso prisijungimg. Filamente vienas
CalpL subvienetas suriSa CalpT, o Salia esan¢io CalpL subvieneto Lon
proteazés aktyvusis centras vykdo proteolize. Perkirpto CalpT fragmentai
liecka susirise su CalpS, ta¢iau ant CalpTan fragmento suformuotas C-
degronas nukreipia ji tolimesniam degradavimui Iastelés proteazémis, taip i$
komplekso paleidziant CalpS. Tuomet i§ komplekso islaisvintas CalpS gali
susiriSti su RNR polimeraze, suformuojant holofermenta, ir moduliuoti
transkripcija. Be to, CalpL turi reguliacinj mechanizma: CalpL SAVED
domenas veikia kaip Zziedo nukleazé, kuri per tris nuoseklius etapus
hidrolizuoja cAs. Si aktyvatoriaus hidrolizé veikia kaip fermento ,,laikmatis*,
ribojantis efektoriaus aktyvacijos trukme.

Baigiamieji pastabéjimai: ISplésta Ziedo nukleaziy jvairové

Sioje disertacijoje aprasyti cAs ir CA4 reguliacijos ir CalpL-CalpT-CalpS
trinario efektoriaus charakterizavimo darbai leido papildyti Zinomy ziedo
nukleaziniu aktyvumu pasizyminciy baltymy grupe (28 pav. A).

Siame darbe pristatyti StCsm6 Ziedo nukleazinio aktyvumo tyrimai
papildé Ziedo nukleaziy grupg cAs specifiskais CARF domenais (28 pav. A).
Misy atlikti StCsm6 biocheminiai tyrimai bei kity grupiy atlikti StCsm6' ir
EiCsm6 struktiriniai tyrimai (Garcia-Doval et al., 2020; McQuarrie et al.,
2023) nuosekliai pademonstravo, kad cAg specifinio Csm6 CARF domenas
katalizuoja cAs hidrolize priversdamas substratg uzimti katalitiskai palankia
konformacijag. Kadangi ne tik Soninés grandinés, bet ir pagrindinés
aminoriig§iy grandinés atomai, esantys vadinamojoje katalitingje kilpoje,
sgveikauja su cAe, sunku tiksliai nustatyti katalitines aminortigstis. TaCiau
kilpoje esantis treoninas yra geras katalitinés amino riigSties kandidatas, nes
jo Soninés grandinés atomai sgveikauja su hidrolizuojamuoju fosfatu (Garcia-
Doval et al., 2020; McQuarrie et al., 2023). Be to, mes pademonstravome, kad
StCsm6 HEPN domeno nespecifinis RNR nukleazinis aktyvumas prisideda
prie cAs ir kity cAn degradacijos esant aukstai signaliniy molekuliy
koncentracijai, o tai dar labiau padidina cA, hidrolizuoti gebanciy baltymy
jvairove.
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28 pav. ISplésta Ziedo nukleaziy jvairové. (A) CARF, DUF1874, STAS ir

SAVED S§eimy ziedo nukleazés. Ziedo nukleaziniai domenai pavaizduoti kvadratais,

apskritimais pazymeti jvairiis efektoriniai domenai. Aktyvieji centrai pavaizduoti

zvaigzdutémis su nurodytomis katalitinémis amino riigtimis. Punktyriné linija Zymi

subdomeny ribas. Kiekvienos Ziedo nukleazés tipo oligomeriné buisena jvardinta. (B)

CCaCalpL SAVED domeno strukttrinis modelis, nuspalvintas pagal subdomenus: N-

subdomenas (202-352 aminortigstys) $viesiai violetinis, C-subdomenas (357-504

aminortigstys) tamsiai violetinis. Nurodytos aktyviojo centro aminortagstys. (C)

CCaCalpL SAVED domeno N-subdomeno ir C-subdomeno superpozicija (spalvos

kaip A dalyje). (D) CCaCalpL SAVED domeno (violetinis) palyginimas su CBASS

susijusiy efektoriy SAVED domenais: Cap5 (rozinis, PDB ID: 7RWK) (Fatma et al.,

2021) ir Cap4 (rusvas, PDB ID: 7YIB) (Lowey et al., 2020). Paryskinta a-spiralé,

kurioje yra CCaCalpL ziedo nukleazés aktyviojo centro liekanos. Sios spiralés neturi

nei Cap5 nei Cap4. CCaCalpL SAVED aktyviojo centro aminortigstys nurodytos kaip

A dalyje. (E) Konservatyvios ziedo nukleazés aktyviojo centro aminoriigstys Lon-

SAVED4 baltymuose.

HEHHEHHE < <
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Be to, Sioje disertacijoje apraSomi CCaCalpL-CalpT-CalpS trinario
efektoriaus reguliacijos mechanizmo tyrimai cAs specifisky Ziedo nukleaziy
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gretas papildé ir SAVED domenu (28 pav. A). CCaCalpL kartu su kitais Lon-
SAVED bei TM-SAVED efektoriais priklauso SAVED4 grupei, kurios
atstovai daznai randami $alia III tipo CRISPR-Cas sistemy (Makarova et al.,
2020a). Kitaip nei CBASS sistemy efektoriuose aptinkami SAVED domenai,
kurie specifiskai saveikauja su asimetriniais (nelyginio nukleotidy skaiciaus)
aktyvatoriais (Fatma et al., 2021; Hogrel et al., 2022; Lowey et al., 2020),
CCacCalpL specifiskai sgveikauja su simetriniu (lyginio nukleotidy skaiciaus)
aktyvatoriumi cAs. CCaCalpL SAVED domeng sudaranciy dviejy subdomeny
palyginimas juos perklojant rodo, kad SAVED pseudodimeras yra simetriskas
(28 pav. B ir C), taCiau pagrindinés katalitinés aminortigs§tys R358 ir H396,
kartu su maziau iSreikStomis K361 ir S395, yra i$sidésciusios tik C-galiniame
SAVED subdomene (28 pav. B). Struktiiry palyginimg atliko dr. Giedré
Tamulaitiené. Lon-SAVED4 baltymy seky analizé parodé, kad beveik visi
Lon-SAVED4 baltymai, jskaitant ir CCaCalpL struktiirinj homologa
SsCalpL, kurio Ziedo nukleazins aktyvumas jau buvo patvirtintas (Binder et
al., 2024), turi konservatyvias ziedo nukleazés aktyviojo centro aminortigstis
(28 pav. E). Taigi, tikétina, kad visi SAVED4 grupés baltymai pasizZymi
konservatyviu savireguliaciniu mechanizmu.

Apibendrinant, nuo 2018 m., kai pirma karta buvo identifikuotos cAs
specifinés ziedo nukleazés (Athukoralage et al., 2018), supratimas apie CA,
reguliacijg Il tipo CRISPR-Cas sistemose tapo Zymiai gilesnis ir detalesnis,
prie ko itin reikSmingai prisidéjo §is darbas.

ISVADOS

1. StCsm6 ir StCsm6' efektyviai sumazina cAs ir kity oligoadenilaty
(cAn), kuriuos sintetina StCsm kompleksas, kiekj heterologiniame E.
coli Seimininke.

2. StCsm6 CARF domenas yra cAs specifiska ziedo nukleazé, o HEPN
domenas pasizymi nespecifiniu  ribonukleaziniu  aktyvumu,
hidrolizuojanciu tiek cAs, tiek Kitus CAy, taciau pirmenybg teikianciu
linijinei viengrandinei RNR.

3. CA4 prisijungimas inicijuoja CCaCalpL filamento susidaryma, kuris
yra bitinas substrato CCaCalpT-CalpS prijungimui ir proteolizei.
Filamente CCaCalpT proteolize vykdo kaimyninio CCaCalpL
subvieneto Lon proteazinis domenas.

4. CCaCalpL vykdoma CCaCalpT proteolizé suformuoja C-degrona,
kuris nukreipia susidariusj fragmentg tolimesnei degradacijai Igstelés
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proteazémis. Sios degradacijos metu i§ komplekso ilaisvinamas
CCaCalpS , kuris véliau jungiasi prie bakterinés RNR polimerazés.
CCaCalpL SAVED domenas veikia kaip CAs specifiska ziedo
nukleazé, kuri hidrolizuoja savo aktyvatoriy cAa trimis nuosekliais
etapais, susidarant dviem tarpiniams junginiams — As>p ir Asp.
CCaCalpL filamenty susidarymas, kurj inicijuoja aktyvatoriaus cAs
arba jo hidrolizés tarpiniy produkty prisijungimas, yra bitinas
CCaCalpL efektoriaus Lon-SAVED proteazés ir Ziedo nukleazés
funkcijoms.

159



10.

REFERENCES

Ablasser, A., Chen, Z.J., 2019. cGAS in action: Expanding roles in
immunity and inflammation. Science 363, eaat8657.
https://doi.org/10.1126/science.aat8657

Abramson, J., Adler, J., Dunger, J., Evans, R., Green, T., Pritzel, A,
Ronneberger, O., Willmore, L., Ballard, A.J., Bambrick, J., Bodenstein,
SW., Evans, D.A, Hung, C.-C., O°Neill, M., Reiman, D.,
Tunyasuvunakool, K., Wu, Z., Zemgulyté, A., Arvaniti, E., Beattie, C.,
Bertolli, O., Bridgland, A., Cherepanov, A., Congreve, M., Cowen-Rivers,
A.l., Cowie, A., Figurnov, M., Fuchs, F.B., Gladman, H., Jain, R., Khan,
Y.A., Low, C.M.R,, Perlin, K., Potapenko, A., Savy, P., Singh, S., Stecula,
A., Thillaisundaram, A., Tong, C., Yakneen, S., Zhong, E.D., Zielinski, M.,
Zidek, A., Bapst, V., Kohli, P., Jaderberg, M., Hassabis, D., Jumper, J.M.,
2024. Accurate structure prediction of biomolecular interactions with
AlphaFold 3. Nature 630, 493-500. https://doi.org/10.1038/s41586-024-
07487-w

Ades, S.E., 2008. Regulation by destruction: design of the oE envelope
stress  response.  Curr.  Opin.  Microbiol. 11,  535-540.
https://doi.org/10.1016/j.mib.2008.10.004

Ahlawat, S., Morrison, D.A., 2009. CIpXP degrades SsrA-tagged proteins
in  Streptococcus pneumoniae. J. Bacteriol. 191, 2894-2898.
https://doi.org/10.1128/jb.01715-08

Altae-Tran, H., Kannan, S., Suberski, A.J., Mears, K.S., Demircioglu, F.E.,
Moeller, L., Kocalar, S., Oshiro, R., Makarova, K.S., Macrae, R.K.,
Koonin, E.V., Zhang, F., 2023. Uncovering the functional diversity of rare
CRISPR-Cas systems with deep terascale clustering. Science 382,
eadi1910. https://doi.org/10.1126/science.adil910

Athukoralage, J.S., Graham, S., Grischow, S., Rouillon, C., White, M.F.,
2019. A Type lIl CRISPR Ancillary Ribonuclease Degrades Its Cyclic
Oligoadenylate  Activator. J.  Mol. Biol. 431, 2894-2899.
https://doi.org/10.1016/j.jmb.2019.04.041

Athukoralage, J.S., Graham, S., Rouillon, C., Grischow, S., Czekster,
C.M., White, M.F., 2020a. The dynamic interplay of host and viral
enzymes in type Il CRISPR-mediated cyclic nucleotide signalling. eLife
9, e55852. https://doi.org/10.7554/eL ife.55852

Athukoralage, J.S., McMahon, S.A., Zhang, C., Griischow, S., Graham, S.,
Krupovic, M., Whitaker, R.J., Gloster, T.M., White, M.F., 2020b. An anti-
CRISPR viral ring nuclease subverts type 11l CRISPR immunity. Nature
577, 572-575. https://doi.org/10.1038/s41586-019-1909-5

Athukoralage, J.S., McQuarrie, S., Grischow, S., Graham, S., Gloster,
T.M., White, M.F., 2020c. Tetramerisation of the CRISPR ring nuclease
Crn3/Csx3 facilitates cyclic oligoadenylate cleavage. eLife 9, e57627.
https://doi.org/10.7554/eLife.57627

Athukoralage, J.S., Rouillon, C., Graham, S., Grischow, S., White, M.F.,
2018. Ring nucleases deactivate type Ill CRISPR ribonucleases by
degrading cyclic  oligoadenylate. Nature 562, 277-280.
https://doi.org/10.1038/s41586-018-0557-5

160



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Athukoralage, J.S., White, M.F., 2022. Cyclic Nucleotide Signaling in
Phage Defense and Counter-Defense. Annu. Rev. Virol.
https://doi.org/10.1146/annurev-virology-100120-010228

Athukoralage, J.S., White, M.F., 2021. Cyclic oligoadenylate signaling and
regulation by ring nucleases during type Il CRISPR defense. RNA 27,
855-867. https://doi.org/10.1261/rna.078739.121

Baca, C.F., Majumder, P., Hickling, J.H., Ye, L., Teplova, M., Brady, S.F.,
Patel, D.J., Marraffini, L.A., 2024a. The CRISPR-associated adenosine
deaminase Cadl converts ATP to ITP to provide antiviral immunity. Cell
187, 7183-7195.e24. https://doi.org/10.1016/j.cell.2024.10.002

Baca, C.F., Yu, Y., Rostgl, J.T., Majumder, P., Patel, D.J., Marraffini, L.A.,
2024b. The CRISPR effector Cam1 mediates membrane depolarization for
phage defence. Nature 625, 797-804. https://doi.org/10.1038/s41586-023-
06902-y

Baker, T.A., Sauer, R.T., 2006. ATP-dependent proteases of bacteria:
recognition logic and operating principles. Trends Biochem. Sci. 31, 647—
653. https://doi.org/10.1016/j.tibs.2006.10.006

Banh, D.V., Roberts, C.G., Morales-Amador, A., Berryhill, B.A.,
Chaudhry, W., Levin, B.R., Brady, S.F., Marraffini, L.A., 2023. Bacterial
CGAS senses a viral RNA to initiate immunity. Nature 623, 1001-1008.
https://doi.org/10.1038/s41586-023-06743-9

Barkow, S.R., Levchenko, I., Baker, T.A., Sauer, R.T., 2009. Polypeptide
Translocation by the AAA+ ClpXP Protease Machine. Chem. Biol. 16,
605-612. https://doi.org/10.1016/j.chembiol.2009.05.007

Battesti, A., Hoskins, J.R., Tong, S., Milanesio, P., Mann, J.M., Kravats,
A., Tsegaye, Y.M., Bougdour, A., Wickner, S., Gottesman, S., 2013. Anti-
adaptors provide multiple modes for regulation of the RssB adaptor protein.
Genes Dev. 27, 2722-2735. https://doi.org/10.1101/gad.229617.113
Baytshtok, V., Fei, X., Shih, T.-T., Grant, R.A., Santos, J.C., Baker, T.A.,
Sauer, R.T., 2021. Heat activates the AAA+ HslUV protease by melting an
axial autoinhibitory plug. Cell Rep. 34, 1086309.
https://doi.org/10.1016/j.celrep.2020.108639

Benda, C., Ebert, J., Scheltema, R.A., Schiller, H.B., Baumgartner, M.,
Bonneau, F., Mann, M., Conti, E., 2014. Structural Model of a CRISPR
RNA-Silencing Complex Reveals the RNA-Target Cleavage Activity in
Cmr4. Mol. Cell 56, 43-54. https://doi.org/10.1016/j.molcel.2014.09.002
Bernal-Bernal, D., Abellén-Ruiz, J., Iniesta, A.A., Pajares-Martinez, E.,
Bastida-Martinez, E., Fontes, M., Padmanabhan, S., Elias-Arnanz, M.,
2018. Multifactorial control of the expression of a CRISPR-Cas system by
an extracytoplasmic function o/anti-o pair and a global regulatory complex.
Nucleic Acids Res. 46, 6726—6745. https://doi.org/10.1093/nar/gky475
Bernal-Bernal, D., Pantoja-Uceda, D., Lopez-Alonso, J.P., Lopez-Rojo, A.,
Lépez-Ruiz, J.A., Galbis-Martinez, M., Ochoa-Lizarralde, B., Tascon, .,
Elias-Arnanz, M., Ubarretxena-Belandia, I., Padmanabhan, S., 2024.
Structural basis for regulation of a CBASS-CRISPR-Cas defense island by
a transmembrane anti-c factor and its ECF o partner. Sci. Adv. 10,
eadp1053. https://doi.org/10.1126/sciadv.adp1053

Binder, S.C., Schneberger, N., Schmitz, M., Engeser, M., Geyer, M.,
Rouillon, C., Hagelueken, G., 2024. The SAVED domain of the type IlI

161



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

CRISPR protease CalpL is a ring nuclease. Nucleic Acids Res. 52, 10520—
10532. https://doi.org/10.1093/nar/gkae676

Bittner, L.-M., Arends, J., Narberhaus, F., 2017. When, how and why?
Regulated proteolysis by the essential FtsH protease in Escherichia coli.
Biol. Chem., Biological Chemistry 398, 625-635.
https://doi.org/10.1515/hsz-2016-0302

Bokori-Brown, M., Martin, T.G., Naylor, C.E., Basak, A.K., Titball, R.W.,
Savva, C.G., 2016. Cryo-EM structure of lysenin pore elucidates
membrane insertion by an aerolysin family protein. Nat. Commun. 7,
11293. https://doi.org/10.1038/ncomms11293

Brenzinger, S., Airoldi, M., Ogunleye, A.J., Jugovic, K., Amstalden, M.K.,
Brochado, A.R., 2024. The Vibrio cholerae CBASS phage defence system
modulates resistance and killing by antifolate antibiotics. Nat. Microbiol.
9, 251-262. https://doi.org/10.1038/s41564-023-01556-y

Brown, S., Gauvin, C.C., Charbonneau, A.A., Burman, N., Lawrence,
C.M., 2020. Csx3 is a cyclic oligonucleotide phosphodiesterase associated
with type Il CRISPR—Cas that degrades the second messenger cA4. J.
Biol. Chem. 295, 14963-14972.
https://doi.org/10.1074/jbc.RA120.014099

Buckling, A., Rainey, P.B.., 2002. Antagonistic coevolution between a
bacterium and a bacteriophage. Proc. R. Soc. Lond. B Biol. Sci. 269, 931
936. https://doi.org/10.1098/rspb.2001.1945

Burroughs, A.M., Zhang, D., Schéffer, D.E., lyer, L.M., Aravind, L., 2015.
Comparative genomic analyses reveal a vast, novel network of nucleotide-
centric systems in biological conflicts, immunity and signaling. Nucleic
Acids Res. 43, 10633-10654. https://doi.org/10.1093/nar/gkv1267

Butala, M., Zgur-Bertok, D., Busby, S.J.W., 2008. The bacterial LexA
transcriptional ~ repressor.  Cell.  Mol. Life Sci. 66, 82.
https://doi.org/10.1007/s00018-008-8378-6

Cao, Xueli, Xiao, Y., Huiting, E., Cao, Xujun, Li, D., Ren, J., Fedorova, I.,
Wang, H., Guan, L., Wang, Y., Li, L., Bondy-Denomy, J., Feng, Y., 2024.
Phage anti-CBASS protein simultaneously sequesters cyclic trinucleotides
and dinucleotides. Mol. Cell 84, 375-385.e7.
https://doi.org/10.1016/j.molcel.2023.11.026

Carte, J., Christopher, R.T., Smith, J.T., Olson, S., Barrangou, R., Moineau,
S., Glover I11, C.V.C., Graveley, B.R., Terns, R.M., Terns, M.P., 2014. The
three major types of CRISPR-Cas systems function independently in
CRISPR RNA biogenesis in treptococcus thermophilus. Mol. Microbiol.
93, 98-112. https://doi.org/10.1111/mmi.12644

Cepaité, R., Klein, N., Miksys, A., Camara-Wilpert, S., Ragozius, V., Benz,
F., Skorupskaité, A., Becker, H., Zvejyté, G., Steube, N., Hochberg,
G.K.A,, Randau, L., Pinilla-Redondo, R., Malinauskaité, L., Pausch, P.,
2024. Structural variation of types IV-Al- and IV-A3-mediated CRISPR
interference. Nat. Commun. 15, 9306. https://doi.org/10.1038/s41467-024-
53778-1

Charbonneau, A.A., Eckert, D.M., Gauvin, C.C., Lintner, N.G., Lawrence,
C.M., 2021. Cyclic Tetra-Adenylate (cA4) Recognition by Csa3;
Implications for an Integrated Class 1 CRISPR-Cas Immune Response in
Saccharolobus solfataricus. Biomolecules 11.
https://doi.org/10.3390/biom11121852

162



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Charpentier, E., Richter, H., van der Oost, J., White, M.F., 2015.
Biogenesis pathways of RNA guides in archaeal and bacterial CRISPR-Cas
adaptive  immunity. FEMS  Microbiol. Rev. 39, 428-441.
https://doi.org/10.1093/femsre/fuv023

Chi, H., Hoikkala, V., Grischow, S., Graham, S., Shirran, S., White, M.F.,
2023. Antiviral type 11l CRISPR signalling via conjugation of ATP and
SAM. Nature 622, 826-833. https://doi.org/10.1038/s41586-023-06620-5
Chi, H., White, M.F., 2024. RNA processing by the CRISPR-associated
NYN ribonuclease. Biochem. J. 481, 793-804.
https://doi.org/10.1042/BCJ20240151

Chou-Zheng, L., Hatoum-Aslan, A., 2022. Critical roles for
‘housekeeping’ nucleases in type III CRISPR-Cas immunity. eLife 11,
€81897. https://doi.org/10.7554/eL ife.81897

Chylinski, K., Makarova, K.S., Charpentier, E., Koonin, E.V., 2014.
Classification and evolution of type Il CRISPR-Cas systems. Nucleic
Acids Res. 42, 6091-6105. https://doi.org/10.1093/nar/gku241

Cohen, D., Melamed, S., Millman, A., Shulman, G., Oppenheimer-
Shaanan, Y., Kacen, A., Doron, S., Amitai, G., Sorek, R., 2019. Cyclic
GMP-AMP signalling protects bacteria against viral infection. Nature 574,
691-695. https://doi.org/10.1038/s41586-019-1605-5

Cormack, B.P., Valdivia, R.H., Falkow, S., 1996. FACS-optimized
mutants of the green fluorescent protein (GFP). Gene 173, 33-38.
https://doi.org/10.1016/0378-1119(95)00685-0

Cui, N., Zhang, J.-T., Li, Z., Liu, X.-Y., Wang, C., Huang, H., Jia, N., 2022.
Structural basis for the non-self RNA-activated protease activity of the type
I1I-E CRISPR nuclease-protease Craspase. Nat. Commun. 13, 7549.
https://doi.org/10.1038/s41467-022-35275-5

Cui, N., Zhang, J.-T., Liu, Yongrui, Liu, Yanhong, Liu, X.-Y., Wang, C.,
Huang, H., Jia, N., 2023. Type IV-A CRISPR-Csf complex: Assembly,
dsDNA targeting, and CasDinG recruitment. Mol. Cell 83, 2493-2508.¢€5.
https://doi.org/10.1016/j.molcel.2023.05.036

Dartigalongue, C., Missiakas, D., Raina, S., 2001. Characterization of the
Escherichia colicE Regulon*. J. Biol. Chem. 276, 20866—20875.
https://doi.org/10.1074/jbc.M100464200

Doron, S., Melamed, S., Ofir, G., Leavitt, A., Lopatina, A., Keren, M.,
Amitai, G., Sorek, R., 2018. Systematic discovery of antiphage defense
systems in the microbial pangenome. Science 359, eaar4120.
https://doi.org/10.1126/science.aar4120

Du, L., Zhang, D., Luo, Z., Lin, Z., 2023. Molecular basis of stepwise
cyclic tetra-adenylate cleavage by the type IIl CRISPR ring nuclease
Crn1/Ss02081. Nucleic Acids Res. 51, 2485-2495.
https://doi.org/10.1093/nar/gkad101

Du, L., Zhu, Q., Lin, Z., 2024. Molecular mechanism of allosteric
activation of the CRISPR ribonuclease Csm6 by cyclic tetra-adenylate.
EMBO J. 43, 304-315. https://doi.org/10.1038/s44318-023-00017-w
Duncan-Lowey, B., McNamara-Bordewick, N.K., Tal, N., Sorek, R.,
Kranzusch, P.J., 2021. Effector-mediated membrane disruption controls
cell death in CBASS antiphage defense. Mol. Cell 81, 5039-5051.e5.
https://doi.org/10.1016/j.molcel.2021.10.020

163



49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Res. 32, 1792-1797.
https://doi.org/10.1093/nar/gkh340

Emsley, P., Lohkamp, B., Scott, W.G., Cowtan, K., 2010. Features and
development of Coot. Biol. Crystallogr. 66, 486-501.
https://doi.org/10.1107/S0907444910007493

Evans, R., O’Neill, M., Pritzel, A., Antropova, N., Senior, A., Green, T.,
Zidek, A., Bates, R., Blackwell, S., Yim, J., Ronneberger, O., Bodenstein,
S., Zielinski, M., Bridgland, A., Potapenko, A., Cowie, A,
Tunyasuvunakool, K., Jain, R., Clancy, E., Kohli, P., Jumper, J., Hassabis,
D., 2022. Protein complex prediction with AlphaFold-Multimer. bioRxiv
2021.10.04.463034. https://doi.org/10.1101/2021.10.04.463034

Fang, C., Li, L., Shen, L., Shi, J., Wang, S., Feng, Y., Zhang, Y., 2019.
Structures and mechanism of transcription initiation by bacterial ECF
factors. Nucleic Acids Res. 47, 7094-7104.
https://doi.org/10.1093/nar/gkz470

Fatma, S., Chakravarti, A., Zeng, X., Huang, R.H., 2021. Molecular
mechanisms of the CdnG-Cap5 antiphage defense system employing 3',2'-
cGAMP as the second messenger. Nat. Commun. 12, 6381.
https://doi.org/10.1038/s41467-021-26738-2

Fei, X., Bell, T.A., Barkow, S.R., Baker, T.A., Sauer, R.T., 2020. Structural
basis of ClpXP recognition and unfolding of ssrA-tagged substrates. eLife
9, €61496. https://doi.org/10.7554/eLife.61496

Flynn, J.M., Levchenko, I., Sauer, R.T., Baker, T.A., 2004. Modulating
substrate choice: the SspB adaptor delivers a regulator of the
extracytoplasmic-stress response to the AAA+ protease CIpXP for
degradation. Genes Dev. 18, 2292-2301.
https://doi.org/10.1101/gad.1240104

Flynn, J.M., Levchenko, I., Seidel, M., Wickner, S.H., Sauer, R.T., Baker,
T.A., 2001. Overlapping recognition determinants within the ssrA
degradation tag allow modulation of proteolysis. Proc. Natl. Acad. Sci. 98,
10584-10589. https://doi.org/10.1073/pnas.191375298

Foster, K., Grischow, S., Bailey, S., White, M.F., Terns, M.P., 2020.
Regulation of the RNA and DNA nuclease activities required for
Pyrococcus furiosus Type I111-B CRISPR—-Cas immunity. Nucleic Acids
Res. 48, 4418-4434. https://doi.org/10.1093/nar/gkaal76

Foster, K., Kalter Joshua, Woodside ,Walter, Terns ,Rebecca M., and
Terns, M.P., 2019. The ribonuclease activity of Csm6 is required for anti-
plasmid immunity by Type IlI-A CRISPR-Cas systems. RNA Biol. 16,
449-460. https://doi.org/10.1080/15476286.2018.1493334

Frost, L.S., Leplae, R., Summers, A.O., Toussaint, A., 2005. Mobile
genetic elements: the agents of open source evolution. Nat. Rev. Microbiol.
3, 722-732. https://doi.org/10.1038/nrmicro1235

Fuchs, R.T., Curcuru, J.L., Mabuchi, M., Noireterre, A., Weigele, P.R.,
Sun, Z., Robb, G.B., 2022. Characterization of Cme and Y me thermostable
Casl2a orthologs. Commun. Biol. 5, 325. https://doi.org/10.1038/s42003-
022-03275-2

Gao, L., Altae-Tran, H., Béhning, F., Makarova, K.S., Segel, M., Schmid-
Burgk, J.L., Koob, J., Wolf, Y.I., Koonin, E.V., Zhang, F., 2020. Diverse

164



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

enzymatic activities mediate antiviral immunity in prokaryotes. Science
369, 1077-1084. https://doi.org/10.1126/science.aba0372

Gao, L.A., Wilkinson, M.E., Strecker, J., Makarova, K.S., Macrae, R.K.,
Koonin, E.V., Zhang, F., 2022. Prokaryotic innate immunity through
pattern recognition of conserved viral proteins. Science 377, eabm4096.
https://doi.org/10.1126/science.abm4096

Garcia-Doval, C., Schwede, F., Berk, C., Rostgl, J.T., Niewoehner, O.,
Tejero, O., Hall, J., Marraffini, L.A., Jinek, M., 2020. Activation and self-
inactivation mechanisms of the cyclic oligoadenylate-dependent CRISPR
ribonuclease Csmeé. Nat. Commun. 11, 1596.
https://doi.org/10.1038/s41467-020-15334-5

Ghanbarpour, A., Cohen, S.E., Fei, X., Kinman, L.F., Bell, T.A., Zhang,
JJ., Baker, T.A., Davis, J.H., Sauer, R.T., 2023. A closed translocation
channel in the substrate-free AAA+ CIpXP protease diminishes rogue
degradation. Nat. Commun. 14, 7281. https://doi.org/10.1038/s41467-023-
43145-x

Gogarten, J.P., Townsend, J.P., 2005. Horizontal gene transfer, genome
innovation and evolution. Nat. Rev. Microbiol. 3, 679-687.
https://doi.org/10.1038/nrmicro1204

Goswami, H.N., Ahmadizadeh, F., Wang, B., Addo-Yobo, D., Zhao, Y.,
Whittington, A.C., He, H., Terns, M.P., Li, H., 2024. Molecular basis for
CAG synthesis by a type 111-A CRISPR-Cas enzyme and its conversion to
cA4  production. Nucleic Acids Res. 52, 10619-10629.
https://doi.org/10.1093/nar/gkae603

Gruschow, S., Adamson, C.S., White, M.F., 2021. Specificity and
sensitivity of an RNA targeting type Il CRISPR complex coupled with a
NucC endonuclease effector. Nucleic Acids Res. 49, 13122-13134.
https://doi.org/10.1093/nar/gkab1190

Grischow, S., Athukoralage, J.S., Graham, S., Hoogeboom, T., White,
M.F., 2019. Cyclic oligoadenylate signalling mediates Mycobacterium
tuberculosis CRISPR defence. Nucleic Acids Res. 47, 9259-9270.
https://doi.org/10.1093/nar/gkz676

Grischow, S., McQuarrie, S., Ackermann, K., McMahon, S., Bode, B.E.,
Gloster, T.M., White, M.F., 2024. CRISPR antiphage defence mediated by
the cyclic nucleotide-binding membrane protein Csx23. Nucleic Acids Res.
52, 2761-2775. https://doi.org/10.1093/nar/gkael67

Guo, M., Zhang, K., Zhu, Y., Pintilie, G.D., Guan, X., Li, S., Schmid, M.F.,
Ma, Z., Chiu, W., Huang, Z., 2019. Coupling of ssSRNA cleavage with
DNase activity in type Il1-A CRISPR-Csm revealed by cryo-EM and
biochemistry. Cell Res. 29, 305-312. https://doi.org/10.1038/s41422-019-
0151-x

Gur, E., Biran, D., Ron, E.Z., 2011. Regulated proteolysis in Gram-
negative bacteria — how and when? Nat. Rev. Microbiol. 9, 839-848.
https://doi.org/10.1038/nrmicro2669

Gur, E., Sauer, R.T., 2009. Degrons in protein substrates program the speed
and operating efficiency of the AAA+ Lon proteolytic machine. Proc. Natl.
Acad. Sci. 106, 18503-18508. https://doi.org/10.1073/pnas.0910392106
Han, W., Stella, S., Zhang, Y., Guo, T., Sulek, K., Peng-Lundgren, L.,
Montoya, G., She, Q., 2018. A Type I11-B Cmr effector complex catalyzes
the synthesis of cyclic oligoadenylate second messengers by cooperative

165



74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

substrate  binding.  Nucleic  Acids Res. 46, 10319-10330.
https://doi.org/10.1093/nar/gky844

Hatoum-Aslan Asma, Maniv Inbal, Samai Poulami, Marraffini Luciano A.,
2014. Genetic Characterization of Antiplasmid Immunity through a Type
I1I-A CRISPR-Cas  System. J. Bacteriol. 196, 310-317.
https://doi.org/10.1128/jb.01130-13

Heinrich, J., Wiegert, T., 2009. Regulated intramembrane proteolysis in the
control of extracytoplasmic function sigma factors. Spec. Issue Proteolysis
Prokaryotes Protein Qual. Control Regul. Princ. 160, 696-703.
https://doi.org/10.1016/j.resmic.2009.08.019

Herman, C., Thévenet, D., D’Ari, R., Bouloc, P., 1995. Degradation of
sigma 32, the heat shock regulator in Escherichia coli, is governed by HfIB.
Proc. Natl. Acad. Sci. 92, 3516-3520.
https://doi.org/10.1073/pnas.92.8.3516

Hobbs, S.J., Kranzusch, P.J., 2024. Nucleotide Immune Signaling in
CBASS, Pycsar, Thoeris, and CRISPR Antiphage Defense. Annu. Rev.
Microbiol. https://doi.org/10.1146/annurev-micro-041222-024843

Hobbs, S.J., Wein, T., Lu, A., Morehouse, B.R., Schnabel, J., Leavitt, A.,
Yirmiya, E., Sorek, R., Kranzusch, P.J., 2022. Phage anti-CBASS and anti-
Pycsar nucleases subvert bacterial immunity. Nature 605, 522-526.
https://doi.org/10.1038/s41586-022-04716-y

Hochstrasser, M.L., Taylor, D.W., Bhat, P., Guegler, C.K., Sternberg, S.H.,
Nogales, E., Doudna, J.A., 2014. CasA mediates Cas3-catalyzed target
degradation during CRISPR RNA-guided interference. Proc. Natl. Acad.
Sci. 111, 6618-6623. https://doi.org/10.1073/pnas.1405079111

Hogrel, G., Guild, A., Graham, S., Rickman, H., Gruschow, S., Bertrand,
Q., Spagnolo, L., White, M.F., 2022. Cyclic nucleotide-induced helical
structure activates a TIR immune effector. Nature 608, 808-812.
https://doi.org/10.1038/s41586-022-05070-9

Hoikkala, V., Graham, S., White, M.F., 2024. Bioinformatic analysis of
type 11l CRISPR systems reveals key properties and new effector families.
Nucleic Acids Res. 52, 7129-7141. https://doi.org/10.1093/nar/gkae462
Holm, L., Laiho, A., T6érénen, P., Salgado, M., 2023. DALI shines a light
on remote homologs: One hundred discoveries. Protein Sci. 32, e4519.
https://doi.org/10.1002/pro.4519

Hu, C., van Beljouw, S.P.B., Nam, K.H., Schuler, G., Ding, F., Cui, Y.,
Rodriguez-Molina, A., Haagsma, A.C., Valk, M., Pabst, M., Brouns, S.J.J.,
Ke, A., 2022. Craspase is a CRISPR RNA-guided, RNA-activated
protease. Science 377, 1278-1285.
https://doi.org/10.1126/science.add5064

Huiting, E., Cao, X., Ren, J., Athukoralage, J.S., Luo, Z,, Silas, S., An, N.,
Carion, H., Zhou, Y., Fraser, J.S., Feng, Y., Bondy-Denomy, J., 2023.
Bacteriophages inhibit and evade cGAS-like immune function in bacteria.
Cell 186, 864-876.e21. https://doi.org/10.1016/j.cell.2022.12.041

Huo, Y., Li, T., Wang, N., Dong, Q., Wang, X., Jiang, T., 2018. Cryo-EM
structure of Type IlI-A CRISPR effector complex. Cell Res. 28, 1195-
1197. https://doi.org/10.1038/s41422-018-0115-6

Irmisch, P., Mogila, ., Samatanga, B., Tamulaitis, G., Seidel, R., 2024.
Retention of the RNA ends provides the molecular memory for maintaining

166



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

the activation of the Csm complex. Nucleic Acids Res. 52, 3896-3910.
https://doi.org/10.1093/nar/gkae080

Jenal, U., Fuchs, T., 1998. An essential protease involved in bacterial cell-
cycle control. EMBO J. 17, 5658-5669.
https://doi.org/10.1093/emboj/17.19.5658

Jenson, J.M., Li, T., Du, F., Ea, C.-K., Chen, Z.J., 2023. Ubiquitin-like
conjugation by bacterial cGAS enhances anti-phage defence. Nature 616,
326-331. https://doi.org/10.1038/s41586-023-05862-7

Jia, N., Jones, R., Sukenick, G., Patel, D.J., 2019a. Second Messenger cA4
Formation within the Composite Csm1l Palm Pocket of Type III-A
CRISPR-Cas Csm Complex and Its Release Path. Mol. Cell 75, 933-
943.e6. https://doi.org/10.1016/j.molcel.2019.06.013

Jia, N., Jones, R., Yang, G., Ouerfelli, O., Patel, D.J., 2019b. CRISPR-Cas
I11-A Csm6 CARF Domain Is a Ring Nuclease Triggering Stepwise cA4
Cleavage with ApA>p Formation Terminating RNase Activity. Mol. Cell
75, 944-956.e6. https://doi.org/10.1016/j.molcel.2019.06.014

Jia, N., Mo, C.Y., Wang, C., Eng, E.T., Marraffini, L.A., Patel, D.J., 2019c.
Type I1I-A CRISPR-Cas Csm Complexes: Assembly, Periodic RNA
Cleavage, DNase Activity Regulation, and Autoimmunity. Mol. Cell 73,
264-277.e5. https://doi.org/10.1016/j.molcel.2018.11.007

Johnson, A.G., Mayer, M.L., Schaefer, S.L., McNamara-Bordewick, N.K.,
Hummer, G., Kranzusch, P.J., 2024. Structure and assembly of a bacterial
gasdermin pore. Nature 628, 657-663. https://doi.org/10.1038/s41586-
024-07216-3

Johnson, A.G., Wein, T., Mayer, M.L., Duncan-Lowey, B., Yirmiya, E.,
Oppenheimer-Shaanan, Y., Amitai, G., Sorek, R., Kranzusch, P.J., 2022.
Bacterial gasdermins reveal an ancient mechanism of cell death. Science
375, 221-225. https://doi.org/10.1126/science.abj8432

Johnson, K.A., Garrett, S.C., Noble-Molnar, C., Elgarhi, H.A., Woodside,
W.T., Cooper, C., Zhang, X., Olson, S., Catchpole, R.J., Graveley, B.R.,
Terns, M.P., 2024. Selective degradation of phage RNAs by the Csm6
ribonuclease provides robust type 111 CRISPR immunity in Streptococcus
thermophilus. Nucleic Acids Res. 52, 12549-12564.
https://doi.org/10.1093/nar/gkae856

Jonas, K., Liu, J., Chien, P., Laub, M.T., 2013. Proteotoxic Stress Induces
a Cell-Cycle Arrest by Stimulating Lon to Degrade the Replication Initiator
DnaA. Cell 154, 623-636. https://doi.org/10.1016/j.cell.2013.06.034
Julien, O., Wells, J.A., 2017. Caspases and their substrates. Cell Death
Differ. 24, 1380-1389. https://doi.org/10.1038/cdd.2017.44

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger,
0., Tunyasuvunakool, K., Bates, R., Zidek, A., Potapenko, A., Bridgland,
A., Meyer, C., Kohl, S.A.A., Ballard, A.J., Cowie, A., Romera-Paredes, B.,
Nikolov, S., Jain, R., Adler, J., Back, T., Petersen, S., Reiman, D., Clancy,
E., Zielinski, M., Steinegger, M., Pacholska, M., Berghammer, T.,
Bodenstein, S., Silver, D., Vinyals, O., Senior, A.W., Kavukcuoglu, K.,
Kohli, P., Hassabis, D., 2021. Highly accurate protein structure prediction
with AlphaFold. Nature 596, 583-589. https://doi.org/10.1038/s41586-
021-03819-2

Jungfer, K., Morav¢ik, S., Garcia-Doval, C., Knérlein, A., Hall, J., Jinek,
M., 2025. Mechanistic determinants and dynamics of cA6 synthesis in type

167



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

11 CRISPR-Cas effector complexes. Nucleic Acids Res. 53, gkael277.
https://doi.org/10.1093/nar/gkael277

Kato, K., Okazaki, S., Schmitt-Ulms, C., Jiang, K., Zhou, W., Ishikawa, J.,
Isayama, Y., Adachi, S., Nishizawa, T., Makarova, K.S., Koonin, E.V.,
Abudayyeh, 0.0., Gootenberg, J.S., Nishimasu, H., 2022a. RNA-triggered
protein cleavage and cell growth arrest by the type I11-E CRISPR nuclease-
protease. Science 378, 882-889. https://doi.org/10.1126/science.add7347
Kato, K., Zhou, W., Okazaki, S., Isayama, Y., Nishizawa, T., Gootenberg,
J.S., Abudayyeh, 0.0., Nishimasu, H., 2022b. Structure and engineering
of the type IlI-E CRISPR-Cas7-11 effector complex. Cell 185, 2324-
2337.e16. https://doi.org/10.1016/j.cell.2022.05.003

Kaur, G., Burroughs, A.M., lyer, L.M., Aravind, L., 2020. Highly
regulated, diversifying NTP-dependent biological conflict systems with
implications for the emergence of multicellularity. eLife 9, €52696.
https://doi.org/10.7554/eLife.52696

Kazlauskiene, M., Kostiuk, G., Venclovas, C., Tamulaitis, G., Siksnys, V.,
2017. A cyclic oligonucleotide signaling pathway in type Il CRISPR-Cas
systems. Science 357, 605-609. https://doi.org/10.1126/science.aa00100
Kazlauskiene, M., Tamulaitis, G., Kostiuk, G., Venclovas, C., Siksnys, V.,
2016. Spatiotemporal Control of Type HI-A CRISPR-Cas Immunity:
Coupling DNA Degradation with the Target RNA Recognition. Mol. Cell
62, 295-306. https://doi.org/10.1016/j.molcel.2016.03.024

Keiler, K.C., Waller, P.R.H., Sauer, R.T., 1996. Role of a Peptide Tagging
System in Degradation of Proteins Synthesized from Damaged Messenger
RNA. Science 271, 990-993.
https://doi.org/10.1126/science.271.5251.990

Kelleher, P., Ortiz Charneco, G., Kampff, Z., Diaz-Garrido, N., Bottacini,
F., McDonnell, B., Lugli, G.A., Ventura, M., Fomenkov, A., Quénée, P.,
Kulakauskas, S., de Waal, P., van Peij, N.N.M.E., Cambillau, C., Roberts,
R.J., van Sinderen, D., Mahony, J., 2024. Phage defence loci of
Streptococcus thermophilus—tip of the anti-phage iceberg? Nucleic Acids
Res. 52, 11853-11869. https://doi.org/10.1093/nar/gkae814

Kimura, S., Suzuki, T., Chen, M., Kato, K., Yu, J., Nakamura, A., Tanaka,
l., Yao, M., 2016. Template-dependent nucleotide addition in the reverse
(3'-5') direction by Thgl-like protein. Sci. Adv. 2, e1501397.
https://doi.org/10.1126/sciadv.1501397

Klimecka, M.M., Antosiewicz, A., lzert, M.A., Szybowska, P.E.,
Twardowski, P.K., Delaunay, C., G6rna, M.W., 2021. A Uniform
Benchmark for Testing SsrA-Derived Degrons in the Escherichia coli
ClpXP Degradation Pathway. Molecules 26.
https://doi.org/10.3390/molecules26195936

Ko, T.-P., Wang, Y.-C., Yang, C.-S., Hou, M.-H., Chen, C.-J., Chiu, Y.-F.,
Chen, Y., 2022. Crystal structure and functional implication of bacterial
STING. Nat. Commun. 13, 26. https://doi.org/10.1038/s41467-021-26583-
3

Koonin, E.V., Makarova, K.S., 2022. Evolutionary plasticity and
functional versatility of CRISPR systems. PLOS Biol. 20, e3001481.
https://doi.org/10.1371/journal.pbio.3001481

Kriger, L., Gaskell-Mew, L., Graham, S., Shirran, S., Hertel, R., White,
M.F., 2024. Reversible conjugation of a CBASS nucleotide cyclase

168



111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

regulates bacterial immune response to phage infection. Nat. Microbiol. 9,
1579-1592. https://doi.org/10.1038/s41564-024-01670-5

Kuroda, A., Nomura, K., Ohtomo, R., Kato, J., Ikeda, T., Takiguchi, N.,
Ohtake, H., Kornberg, A., 2001. Role of Inorganic Polyphosphate in
Promoting Ribosomal Protein Degradation by the Lon Protease in E. coli.
Science 293, 705-708. https://doi.org/10.1126/science.1061315
Langklotz, S., Baumann, U., Narberhaus, F., 2012. Structure and function
of the bacterial AAA protease FtsH. Biochim. Biophys. Acta BBA - Mol.
Cell Res. 1823, 40-48. https://doi.org/10.1016/j.bbamcr.2011.08.015

Lau, R.K,, Ye, Q., Birkholz, E.A., Berg, K.R., Patel, L., Mathews, I.T.,
Watrous, J.D., Ego, K., Whiteley, A.T., Lowey, B., Mekalanos, J.J.,
Kranzusch, P.J., Jain, M., Pogliano, J., Corbett, K.D., 2020. Structure and
Mechanism of a Cyclic Trinucleotide-Activated Bacterial Endonuclease
Mediating Bacteriophage Immunity. Mol. Cell 77, 723-733.e6.
https://doi.org/10.1016/j.molcel.2019.12.010

Leavitt, A., Yirmiya, E., Amitai, G., Lu, A., Garb, J., Herbst, E.,
Morehouse, B.R., Hobbs, S.J., Antine, S.P., Sun, Z.-Y J., Kranzusch, P.J.,
Sorek, R., 2022. Viruses inhibit TIR gcADPR signalling to overcome
bacterial defence. Nature 611, 326—-331. https://doi.org/10.1038/s41586-
022-05375-9

Ledvina, H.E., Ye, Q., Gu, Y., Sullivan, A.E., Quan, Y., Lau, R.K., Zhou,
H., Corbett, K.D., Whiteley, A.T., 2023. An E1-E2 fusion protein primes
antiviral immune signalling in bacteria. Nature 616, 319-325.
https://doi.org/10.1038/s41586-022-05647-4

Lee, H., Sashital, D.G., 2022. Creating memories: molecular mechanisms
of CRISPR adaptation. Trends Biochem. Sci. 47, 464-476.
https://doi.org/10.1016/j.tibs.2022.02.004

Levchenko, I., Grant, R.A., Flynn, J.M., Sauer, R.T., Baker, T.A., 2005.
Versatile modes of peptide recognition by the AAA+ adaptor protein SspB.
Nat. Struct. Mol. Biol. 12, 520-525. https://doi.org/10.1038/nsmb934

Li, X., Han, J., Yang, J., Zhang, H., 2024. The structural biology of type Il
CRISPR-Cas systems. J. Struct. Biol. 216, 108070.
https://doi.org/10.1016/j.jsb.2024.108070

Li, Y., Li, Z., Yan, P., Hua, C., Kong, J., Wu, W., Cui, Y., Duan, Y., Li, S.,
Li, G, Ji, S., Chen, Y., Zhao, Y., Yang, P., Hu, C., Lu, M., Chen, M., Xiao,
Y., 2025. Antiviral signaling of a type Il1 CRISPR-associated deaminase.
Science 387, eadr0393. https://doi.org/10.1126/science.adr0393
Liebschner, D., Afonine, P.V., Baker, M.L., Bunkédczi, G., Chen, V.B,,
Croll, T.l., Hintze, B., Hung, L.-W., Jain, S., McCoy, A.., 2019.
Macromolecular structure determination using X-rays, neutrons and
electrons: recent developments in Phenix. Biol. Crystallogr. 75, 861-877.
https://doi.org/10.1107/S2059798319011471

Liu, X., Zhang, L., Wang, H., Xiu, Y., Huang, L., Gao, Z., Li, N., Li, F.,
Xiong, W., Gao, T., Zhang, Y., Yang, M., Feng, Y., 2022. Target RNA
activates the protease activity of Craspase to confer antiviral defense. Mol.
Cell 82, 4503-4518.e8. https://doi.org/10.1016/j.molcel.2022.10.007
Lowey, B., Whiteley, A.T., Keszei, A.F.A., Morehouse, B.R., Mathews,
I.T., Antine, S.P., Cabrera, V.J., Kashin, D., Niemann, P., Jain, M.,
Schwede, F., Mekalanos, J.J., Shao, S., Lee, A.S.Y., Kranzusch, P.J., 2020.
CBASS Immunity Uses CARF-Related Effectors to Sense 3'-5'- and 2'-5'-

169



123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

Linked Cyclic Oligonucleotide Signals and Protect Bacteria from Phage
Infection. Cell 182, 38-49.e17. https://doi.org/10.1016/j.cell.2020.05.019
Madeira, F., Madhusoodanan, N., Lee, J., Eusebi, A., Niewielska, A.,
Tivey, A.R.N., Lopez, R., Butcher, S., 2024. The EMBL-EBI Job
Dispatcher sequence analysis tools framework in 2024. Nucleic Acids Res.
52, W521-W525. https://doi.org/10.1093/nar/gkae241

Mahmoud, S.A., Chien, P., 2018. Regulated Proteolysis in Bacteria. Annu.
Rev. Biochem. https://doi.org/10.1146/annurev-biochem-062917-012848
Makarova, K.S., Timinskas, A., Wolf, Y.l., Gussow, A.B., Siksnys, V.,
Venclovas, C., Koonin, E.V., 2020a. Evolutionary and functional
classification of the CARF domain superfamily, key sensors in prokaryotic
antivirus  defense. ~ Nucleic  Acids Res. 48, 8828-8847.
https://doi.org/10.1093/nar/gkaa635

Makarova, K.S., Wolf, Y.I., Iranzo, J., Shmakov, S.A., Alkhnbashi, O.S.,
Brouns, S.J.J., Charpentier, E., Cheng, D., Haft, D.H., Horvath, P.,
Moineau, S., Mojica, F.J.M., Scott, D., Shah, S.A., Siksnys, V., Terns,
M.P., Venclovas, C., White, M.F., Yakunin, A.F., Yan, W., Zhang, F.,
Garrett, R.A., Backofen, R., van der Oost, J., Barrangou, R., Koonin, E.V.,
2020b. Evolutionary classification of CRISPR-Cas systems: a burst of
class 2 and derived variants. Nat. Rev. Microbiol. 18, 67-83.
https://doi.org/10.1038/s41579-019-0299-x

Manik, M.K., Shi, Y., Li, S., Zaydman, M.A., Damaraju, N., Eastman, S.,
Smith, T.G., Gu, W., Masic, V., Mosaiab, T., Weagley, J.S., Hancock, S.J.,
Vasquez, E., Hartley-Tassell, L., Kargios, N., Maruta, N., Lim, B.Y.J,,
Burdett, H., Landsberg, M.J., Schembri, M.A., Prokes, I., Song, L., Grant,
M., DiAntonio, A., Nanson, J.D., Guo, M., Milbrandt, J., Ve, T., Kobe, B.,
2022. Cyclic ADP ribose isomers: Production, chemical structures, and
immune signaling. Science 377, eadc8969.
https://doi.org/10.1126/science.adc8969

Mascher, T., 2023. Past, Present, and Future of Extracytoplasmic Function
o Factors: Distribution and Regulatory Diversity of the Third Pillar of
Bacterial Signal Transduction. Annu. Rev. Microbiol.
https://doi.org/10.1146/annurev-micro-032221-024032

Mayo-Mufioz, D., Pinilla-Redondo, R., Birkholz, N., Fineran, P.C., 2023.
A host of armor: Prokaryotic immune strategies against mobile genetic
elements. Cell Rep. 42, 112672.
https://doi.org/10.1016/j.celrep.2023.112672

Mayo-Mufioz, D., Smith, L.M., Garcia-Doval, C., Malone, L.M., Harding,
K.R., Jackson, S.A., Hampton, H.G., Fagerlund, R.D., Gumy, L.F,,
Fineran, P.C., 2022. Type Il CRISPR-Cas provides resistance against
nucleus-forming jumbo phages via abortive infection. Mol. Cell 82, 4471-
4486.€9. https://doi.org/10.1016/j.molcel.2022.10.028

McMahon, S.A., Zhu, W., Graham, S., Rambo, R., White, M.F., Gloster,
T.M., 2020. Structure and mechanism of a Type 11l CRISPR defence DNA
nuclease activated by cyclic oligoadenylate. Nat. Commun. 11, 500.
https://doi.org/10.1038/s41467-019-14222-x

McQuarrie, S., Athukoralage, J.S., McMahon, S.A., Graham, S.,
Ackermann, K., Bode, B.E., White, M.F., Gloster, T.M., 2023. Activation
of Csmé ribonuclease by cyclic nucleotide binding: in an emergency, twist

170



133.

134.

135.

136.

137.

138.

139.

140.

141.

142,

143.

144,

to open. Nucleic Acids Res. 51, 10590-10605.
https://doi.org/10.1093/nar/gkad739

Meng, E.C., Goddard, T.D., Pettersen, E.F., Couch, G.S., Pearson, Z.J.,
Morris, J.H., Ferrin, T.E., 2023. UCSF ChimeraX: Tools for structure
building and analysis. Protein Sci. 32, e4792.
https://doi.org/10.1002/pro.4792

Micevski, D., Zammit, J.E., Truscott, K.N., Dougan, D.A., 2015. Anti-
adaptors use distinct modes of binding to inhibit the RssB-dependent
turnover of RpoS (¢S) by ClpXP. Front. Mol. Biosci. 2.

Millman, A., Melamed, S., Amitai, G., Sorek, R., 2020. Diversity and
classification of cyclic-oligonucleotide-based anti-phage signalling
systems. Nat. Microbiol. 5, 1608-1615. https://doi.org/10.1038/s41564-
020-0777-y

Millman, A., Melamed, S., Leavitt, A., Doron, S., Bernheim, A., Hor, J.,
Garb, J., Bechon, N., Brandis, A., Lopatina, A., Ofir, G., Hochhauser, D.,
Stokar-Avihail, A., Tal, N., Sharir, S., Voichek, M., Erez, Z., Ferrer,
J.L.M., Dar, D., Kacen, A., Amitai, G., Sorek, R., 2022. An expanded
arsenal of immune systems that protect bacteria from phages. Cell Host
Microbe 30, 1556-1569.€5. https://doi.org/10.1016/j.chom.2022.09.017
Mirdita, M., Schitze, K., Moriwaki, Y., Heo, L., Ovchinnikov, S.,
Steinegger, M., 2022. ColabFold: making protein folding accessible to all.
Nat. Methods 19, 679-682. https://doi.org/10.1038/s41592-022-01488-1
Mogila, I., Kazlauskiene, M., Valinskyte, S., Tamulaitiene, G., Tamulaitis,
G., Siksnys, V., 2019. Genetic Dissection of the Type Il11-A CRISPR-Cas
System Csm Complex Reveals Roles of Individual Subunits. Cell Rep. 26,
2753-2765.e4. https://doi.org/10.1016/j.celrep.2019.02.029

Mogila, 1., Tamulaitiene, G., Keda, K., Timinskas, A., Ruksenaite, A.,
Sasnauskas, G., Venclovas, C., Siksnys, V., Tamulaitis, G., 2023.
Ribosomal stalk-captured CARF-RelE ribonuclease inhibits translation
following CRISPR signaling. Science 382, 1036-1041.
https://doi.org/10.1126/science.adj2107

Mojica, F.J.M., Diez-Villasefior, C., Garcia-Martinez, J., Soria, E., 2005.
Intervening Sequences of Regularly Spaced Prokaryotic Repeats Derive
from Foreign Genetic Elements. J. Mol. Evol. 60, 174-182.
https://doi.org/10.1007/s00239-004-0046-3

Molina, R., Garcia-Martin, R., Lépez-Méndez, B., Jensen, A.L.G., Ciges-
Tomas, J.R., Marchena-Hurtado, J., Stella, S., Montoya, G., 2022.
Molecular basis of cyclic tetra-oligoadenylate processing by small
standalone CRISPR-Cas ring nucleases. Nucleic Acids Res. 50, 11199-
11213. https://doi.org/10.1093/nar/gkac923

Molina, R., Jensen, A.L.G., Marchena-Hurtado, J., Lopez-Méndez, B.,
Stella, S., Montoya, G., 2021. Structural basis of cyclic oligoadenylate
degradation by ancillary Type Il CRISPR-Cas ring nucleases. Nucleic
Acids Res. 49, 12577-12590. https://doi.org/10.1093/nar/gkab1130
Molina, R., Sofos, N., Montoya, G., 2020. Structural basis of CRISPR-Cas
Type 111l prokaryotic defence systems. Curr. Opin. Struct. Biol. 65, 119-
129. https://doi.org/10.1016/j.50i.2020.06.010

Molina, R., Stella, S., Feng, M., Sofos, N., Jauniskis, V., Pozdnyakova, I.,
Lopez-Méndez, B., She, Q., Montoya, G., 2019. Structure of Csx1-cOA4

171



145.

146.

147.

148.

149.

150.

151.

152,

153.

154.

155.

156.

157.

complex reveals the basis of RNA decay in Type I11-B CRISPR-Cas. Nat.
Commun. 10, 4302. https://doi.org/10.1038/s41467-019-12244-z
Morehouse, B.R., Govande, A.A., Millman, A., Keszei, A.F.A., Lowey, B.,
Ofir, G., Shao, S., Sorek, R., Kranzusch, P.J., 2020. STING cyclic
dinucleotide sensing originated in bacteria. Nature 586, 429-433.
https://doi.org/10.1038/s41586-020-2719-5

Morehouse, B.R., Yip, M.C.J., Keszei, A.F.A., McNamara-Bordewick,
N.K., Shao, S., Kranzusch, P.J., 2022. Cryo-EM structure of an active
bacterial TIR-STING filament complex. Nature 608, 803-807.
https://doi.org/10.1038/s41586-022-04999-1

Murtazalieva, K., Mu, A., Petrovskaya, A., Finn, R.D., 2024. The growing
repertoire of phage anti-defence systems. Trends Microbiol. 32, 1212—
1228. https://doi.org/10.1016/j.tim.2024.05.005

Nasef, M., Muffly, M.C., Beckman, A.B., Rowe, S.J., Walker, F.C.,
Hatoum-Aslan, A., Dunkle, J.A., 2019. Regulation of cyclic oligoadenylate
synthesis by the Staphylococcus epidermidis Cas10-Csm complex. RNA
25, 948-962. https://doi.org/10.1261/rna.070417.119

Niewoehner, O., Garcia-Doval, C., Rostal, J.T., Berk, C., Schwede, F.,
Bigler, L., Hall, J., Marraffini, L.A., Jinek, M., 2017. Type Ill CRISPR-
Cas systems produce cyclic oligoadenylate second messengers. Nature
548, 543-548. https://doi.org/10.1038/nature23467

Nussenzweig, P.M., Marraffini, L.A., 2020. Molecular Mechanisms of
CRISPR-Cas  Immunity in  Bacteria. Annu. Rev. Genet.
https://doi.org/10.1146/annurev-genet-022120-112523

Ofir, G., Herbst, E., Baroz, M., Cohen, D., Millman, A., Doron, S., Tal, N.,
Malheiro, D.B.A., Malitsky, S., Amitai, G., Sorek, R., 2021. Antiviral
activity of bacterial TIR domains via immune signalling molecules. Nature
600, 116-120. https://doi.org/10.1038/s41586-021-04098-7

Osawa, T., Inanaga, H., Sato, C., Numata, T., 2015. Crystal Structure of
the CRISPR-Cas RNA Silencing Cmr Complex Bound to a Target Analog.
Mol. Cell 58, 418-430. https://doi.org/10.1016/j.molcel.2015.03.018
Osterberg, S., Peso-Santos, T. del, Shingler, V., 2011. Regulation of
Alternative  Sigma  Factor Use.  Annu. Rev.  Microbiol.
https://doi.org/10.1146/annurev.micro.112408.134219

Ozcan, A., Krajeski, R., loannidi, E., Lee, B., Gardner, A., Makarova, K.S.,
Koonin, E.V., Abudayyeh, O.0., Gootenberg, J.S., 2021. Programmable
RNA targeting with the single-protein CRISPR effector Cas7-11. Nature
597, 720-725. https://doi.org/10.1038/s41586-021-03886-5

Patel, D.J., Yu, Y., Jia, N., 2022. Bacterial origins of cyclic nucleotide-
activated antiviral immune signaling. Mol. Cell 82, 4591-4610.
https://doi.org/10.1016/j.molcel.2022.11.006

Philipps-Wiemann, P., 2018. Chapter 12 - Proteases—general aspects, in:
Nunes, C.S., Kumar, V. (Eds.), Enzymes in Human and Animal Nutrition.
Academic Press, pp. 257-266. https://doi.org/10.1016/B978-0-12-805419-
2.00012-5

Pinilla-Redondo, R., Russel, J., Mayo-Mufoz, D., Shah, S.A., Garrett,
R.A., Nesme, J.,, Madsen, J.S., Fineran, P.C., Sgrensen, S.J., 2022.
CRISPR-Cas systems are widespread accessory elements across bacterial
and archaeal plasmids. Nucleic Acids Res. 50, 4315-4328.
https://doi.org/10.1093/nar/gkab859

172



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Pruteanu, M., Baker, T.A., 2009. Proteolysis in the SOS response and metal
homeostasis in Escherichia coli. Spec. Issue Proteolysis Prokaryotes
Protein Qual. Control Regul. Princ. 160, 677-683.
https://doi.org/10.1016/j.resmic.2009.08.012

Punjani, A., Rubinstein, J.L., Fleet, D.J., Brubaker, M.A., 2017.
cryoSPARC: algorithms for rapid unsupervised cryo-EM structure
determination. Nat. Methods 14, 290-296.
https://doi.org/10.1038/nmeth.4169

Punjani, A., Zhang, H., Fleet, D.J.,, 2020. Non-uniform refinement:
adaptive regularization improves single-particle cryo-EM reconstruction.
Nat. Methods 17, 1214-1221. https://doi.org/10.1038/s41592-020-00990-
8

Rankin, D.J., Rocha, E.P.C., Brown, S.P., 2011. What traits are carried on
mobile genetic elements, and why? Heredity 106, 1-10.
https://doi.org/10.1038/hdy.2010.24

Rawlings, N.D., Barrett, A.J., Thomas, P.D., Huang, X., Bateman, A., Finn,
R.D., 2018. The MEROPS database of proteolytic enzymes, their
substrates and inhibitors in 2017 and a comparison with peptidases in the
PANTHER database. Nucleic Acids Res. 46, D624-D632.
https://doi.org/10.1093/nar/gkx1134

Rechkoblit, O., Sciaky, D., Kreitler, D.F., Buku, A., Kottur, J., Aggarwal,
A.K., 2024. Activation of CBASS Cap5 endonuclease immune effector by
cyclic nucleotides. Nat. Struct. Mol. Biol. 31, 767-776.
https://doi.org/10.1038/s41594-024-01220-x

Robert, X., Gouet, P., 2014. Deciphering key features in protein structures
with the new ENDscript server. Nucleic Acids Res. 42, W320-W324.
https://doi.org/10.1093/nar/gku316

Rosenthal, P.B., Henderson, R., 2003. Optimal Determination of Particle
Orientation, Absolute Hand, and Contrast Loss in Single-particle Electron
Cryomicroscopy. J. Mol. Biol. 333, 721-745.
https://doi.org/10.1016/j.jmb.2003.07.013

Rostal, J.T., Marraffini, L.A., 2019. Non-specific degradation of transcripts
promotes plasmid clearance during type I1I-A CRISPR-Cas immunity.
Nat. Microbiol. 4, 656-662. https://doi.org/10.1038/s41564-018-0353-x
Rostal, J.T., Xie, W., Kuryavyi, V., Maguin, P., Kao, K., Froom, R., Patel,
D.J., Marraffini, L.A., 2021. The Card1 nuclease provides defence during
type I CRISPR immunity. Nature 590, 624-629.
https://doi.org/10.1038/s41586-021-03206-x

Rouillon, C., Athukoralage, J.S., Graham, S., Griischow, S., White, M.F.,
2018. Control of cyclic oligoadenylate synthesis in a type Ill CRISPR
system. eLife 7, e36734. https://doi.org/10.7554/eLife.36734

Rouillon, C., Schneberger, N., Chi, H., Blumenstock, K., Da Vela, S.,
Ackermann, K., Moecking, J., Peter, M.F., Boenigk, W., Seifert, R., Bode,
B.E., Schmid-Burgk, J.L., Svergun, D., Geyer, M., White, M.F.,
Hagelueken, G., 2023. Antiviral signalling by a cyclic nucleotide activated
CRISPR protease. Nature 614, 168—174. https://doi.org/10.1038/s41586-
022-05571-7

Rousset, F., Osterman, 1., Scherf, T., Falkovich, A.H., Leavitt, A., Amitai,
G., Shir, S., Malitsky, S., Itkin, M., Savidor, A., Sorek, R., 2025. TIR

173



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

signaling activates caspase-like immunity in bacteria. Science 387, 510-
516. https://doi.org/10.1126/science.adu2262

Rousset, F., Yirmiya, E., Nesher, S., Brandis, A., Mehlman, T., Itkin, M.,
Malitsky, S., Millman, A., Melamed, S., Sorek, R., 2023. A conserved
family of immune effectors cleaves cellular ATP upon viral infection. Cell
186, 3619-3631.e13. https://doi.org/10.1016/j.cell.2023.07.020

Sabonis, D., Avraham, C., Lu, A., Herbst, E., Silanskas, A., Leavitt, A.,
Yirmiya, E., Zaremba, M., Amitai, G., Kranzusch, P.J., Sorek, R,
Tamulaitiene, G., 2024. TIR domains produce histidine-ADPR conjugates
as immune signaling molecules in bacteria. bioRxiv 2024.01.03.573942.
https://doi.org/10.1101/2024.01.03.573942

Sajed, T., Marcu, A., Ramirez, M., Pon, A., Guo, A.C., Knox, C., Wilson,
M., Grant, J.R., Djoumbou, Y., Wishart, D.S., 2016. ECMDB 2.0: A richer
resource for understanding the biochemistry of E. coli. Nucleic Acids Res.
44, D495-D501. https://doi.org/10.1093/nar/gkv1060

Samolygo, A., Athukoralage, J.S., Graham, S., White, M.F., 2020. Fuse to
defuse: a self-limiting ribonuclease-ring nuclease fusion for type Il
CRISPR  defence.  Nucleic Acids Res. 48, 6149-6156.
https://doi.org/10.1093/nar/gkaa298

Schwartz, E.A., Bravo, J.P.K., Ahsan, M., Macias, L.A., McCafferty, C.L.,
Dangerfield, T.L., Walker, J.N., Brodbelt, J.S., Palermo, G., Fineran, P.C.,
Fagerlund, R.D., Taylor, D.W., 2024. RNA targeting and cleavage by the
type IlI-Dv CRISPR effector complex. Nat. Commun. 15, 3324.
https://doi.org/10.1038/s41467-024-47506-y

Severin, G.B., Ramliden, M.S., Ford, K.C., Van Alst, A.J., Sanath-Kumar,
R., Decker, K.A., Hsueh, B.Y., Chen, G., Yoon, S.H., Demey, L.M., 2023.
Activation of a Vibrio cholerae CBASS anti-phage system by quorum
sensing and folate depletion. MBio 14, e00875-23.
https://doi.org/10.1128/mbio.00875-23

Severin, G.B., Ramliden, M.S., Hawver, L.A., Wang, K., Pell, M.E.,
Kieninger, A.-K., Khataokar, A., O’Hara, B.J., Behrmann, L.V, Neiditch,
M.B., Benning, C., Waters, C.M., Ng, W.-L., 2018. Direct activation of a
phospholipase by cyclic GMP-AMP in El Tor Vibrio cholerae. Proc. Natl.
Acad. Sci. 115, E6048-E6055. https://doi.org/10.1073/pnas.1801233115
Sheppard, N.F., Glover, C.V.C., Terns, R.M., Terns, M.P., 2016. The
CRISPR-associated Csx1 protein of Pyrococcus furiosus is an adenosine-
specific endoribonuclease. RNA 22, 216-224.
https://doi.org/10.1261/rna.039842.113

Shi, M., Zhang, P., Vora, S.M., Wu, H., 2020. Higher-order assemblies in
innate immune and inflammatory signaling: A general principle in cell
biology. Curr. Opin. Cell Biol. 63, 194-203.
https://doi.org/10.1016/j.ceb.2020.03.002

Skerker, J.M., Laub, M.T., 2004. Cell-cycle progression and the generation
of asymmetry in Caulobacter crescentus. Nat. Rev. Microbiol. 2, 325-337.
https://doi.org/10.1038/nrmicro864

Slavik, K.M., Kranzusch, P.J., 2023. CBASS to cGAS-STING: The
Origins and Mechanisms of Nucleotide Second Messenger Immune
Signaling. Annu. Rev. Virol. https://doi.org/10.1146/annurev-virology-
111821-115636

174



182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Sofos, N., Feng, M., Stella, S., Pape, T., Fuglsang, A., Lin, J., Huang, Q.,
Li, Y., She, Q., Montoya, G., 2020. Structures of the Cmr-p Complex
Reveal the Regulation of the Immunity Mechanism of Type I11-B CRISPR-
Cas. Mol. Cell 79, 741-757.e7.
https://doi.org/10.1016/j.molcel.2020.07.008

Staals, R.H.J., Zhu, Y., Taylor, D.W., Kornfeld, J.E., Sharma, K.,
Barendregt, A., Koehorst, J.J., Vlot, M., Neupane, N., Varossieau, K.,
Sakamoto, K., Suzuki, T., Dohmae, N., Yokoyama, S., Schaap, P.J.,
Urlaub, H., Heck, A.J.R., Nogales, E., Doudna, J.A., Shinkai, A.,
van der Oost, J., 2014. RNA Targeting by the Type I11-A CRISPR-Cas
Csm Complex of Thermus thermophilus. Mol. Cell 56, 518-530.
https://doi.org/10.1016/j.molcel.2014.10.005

Steens, J.A., Bravo, J.P.K., Salazar, C.R.P., Yildiz, C., Amieiro, A.M,,
Kostlbacher, S., Prinsen, S.H.P., Andres, A.S., Patinios, C., Bardis, A.,
Barendregt, A., Scheltema, R.A., Ettema, T.J.G., van der Oost, J., Taylor,
D.W., Staals, R.H.J., 2024. Type I11-B CRISPR-Cas cascade of proteolytic
cleavages. Science 383, 512-519. https://doi.org/10.1126/science.adk0378
Steens, J.A., Salazar, C.R.P., Staals, R.H.J., 2022. The diverse arsenal of
type 1l CRISPR-Cas-associated CARF and SAVED effectors. Biochem.
Soc. Trans. 50, 1353-1364. https://doi.org/10.1042/BST20220289
Steinegger, M., Soding, J., 2017. MMsegs2 enables sensitive protein
sequence searching for the analysis of massive data sets. Nat. Biotechnol.
35, 1026-1028. https://doi.org/10.1038/nbt.3988

Stella, G., Marraffini, L., 2024. Type Il CRISPR-Cas: beyond the Cas10
effector  complex. Trends Biochem. Sci. 49, 28-37.
https://doi.org/10.1016/j.tibs.2023.10.006

Strecker, J., Demircioglu, F.E., Li, D., Faure, G., Wilkinson, M.E.,
Gootenberg, J.S., Abudayyeh, O.0., Nishimasu, H., Macrae, R.K., Zhang,
F., 2022. RNA-activated protein cleavage with a CRISPR-associated
endopeptidase. Science 378, 874-881.
https://doi.org/10.1126/science.add7450

Sundar, S., McGinness, K.E., Baker, T.A., Sauer, R.T., 2010. Multiple
Sequence Signals Direct Recognition and Degradation of Protein
Substrates by the AAA+ Protease HslUV. J. Mol. Biol. 403, 420-429.
https://doi.org/10.1016/j.jmb.2010.09.008

Swarts, D.C., Jinek, M., 2019. Mechanistic Insights into the cis- and trans-
Acting DNase Activities of Casl2a. Mol. Cell 73, 589-600.e4.
https://doi.org/10.1016/j.molcel.2018.11.021

Tal, N., Morehouse, B.R., Millman, A., Stokar-Avihail, A., Avraham, C.,
Fedorenko, T., Yirmiya, E., Herbst, E., Brandis, A., Mehlman, T.,
Oppenheimer-Shaanan, Y., Keszei, A.F.A., Shao, S., Amitai, G.,
Kranzusch, P.J., Sorek, R., 2021. Cyclic CMP and cyclic UMP mediate
bacterial immunity against phages. Cell 184, 5728-5739.e16.
https://doi.org/10.1016/j.cell.2021.09.031

Tamulaitiene, G., Sabonis, D., Sashauskas, G., Ruksenaite, A., Silanskas,
A., Avraham, C., Ofir, G., Sorek, R., Zaremba, M., Siksnys, V., 2024.
Activation of Thoeris antiviral system via SIR2 effector filament assembly.
Nature 627, 431-436. https://doi.org/10.1038/s41586-024-07092-x
Tamulaitis, G., Kazlauskiene, M., Manakova, E., Venclovas, C., Nwokeoji,
A.O., Dickman, M.J., Horvath, P., Siksnys, V., 2014. Programmable RNA

175



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204,

205.

Shredding by the Type IlI-A CRISPR-Cas System of Streptococcus
thermophilus. Mol. Cell 56, 506-517.
https://doi.org/10.1016/j.molcel.2014.09.027

Tan, Y.Z., Baldwin, P.R., Davis, J.H., Williamson, J.R., Potter, C.S,,
Carragher, B., Lyumkis, D., 2017. Addressing preferred specimen
orientation in single-particle cryo-EM through tilting. Nat. Methods 14,
793-796. https://doi.org/10.1038/nmeth.4347

Tatsuta, T., Joo, D.M., Calendar, R., Akiyama, Y., Ogura, T., 2000.
Evidence for an active role of the DnaK chaperone system in the
degradation of 632. FEBS Lett. 478, 271-275.
https://doi.org/10.1016/S0014-5793(00)01869-X

Tesson, F., Bernheim, A., 2023. Synergy and regulation of antiphage
systems: toward the existence of a bacterial immune system? Curr. Opin.
Microbiol. 71, 102238. https://doi.org/10.1016/j.mib.2022.102238
Tesson, F., Hervé, A., Mordret, E., Touchon, M., d’Humiéres, C., Cury, J.,
Bernheim, A., 2022. Systematic and quantitative view of the antiviral
arsenal of prokaryotes. Nat. Commun. 13, 2561.
https://doi.org/10.1038/s41467-022-30269-9

Urbaitis, T., Gasiunas, G., Young, J.K., Hou, Z., Paulraj, S., Godliauskaite,
E., Juskeviciene, M.M., Stitilyte, M., Jasnauskaite, M., Mabuchi, M., Robb,
G.B., Siksnys, V., 2022. A new family of CRISPR-type V nucleases with
C-rich PAM recognition. EMBO Rep. 23, €55481.
https://doi.org/10.15252/embr.202255481

van Beljouw, S.P.B., Haagsma, A.C., Rodriguez-Molina, A., van den Berg,
D.F., Vink, JN.A., Brouns, S.J.J., 2021. The gRAMP CRISPR-Cas
effector is an RNA endonuclease complexed with a caspase-like peptidase.
Science 373, 1349-1353. https://doi.org/10.1126/science.abk2718

van Beljouw, S.P.B., Sanders, J., Rodriguez-Molina, A., Brouns, S.J.J.,
2023. RNA-targeting CRISPR—Cas systems. Nat. Rev. Microbiol. 21, 21—
34. https://doi.org/10.1038/s41579-022-00793-y

van den Berg, D.F., Costa, A.R., Esser, J.Q., Stanciu, I., Geissler, J.Q.,
Zoumaro-Djayoon, A.D., Haas, P.-J., Brouns, S.J.J., 2024. Bacterial
homologs of innate eukaryotic antiviral defenses with anti-phage activity
highlight shared evolutionary roots of viral defenses. Cell Host Microbe
32, 1427-1443.e8. https://doi.org/10.1016/j.chom.2024.07.007

Van Opdenbosch, N., Lamkanfi, M., 2019. Caspases in Cell Death,
Inflammation, and Disease. Immunity 50, 1352-1364.
https://doi.org/10.1016/j.immuni.2019.05.020

Vassallo, C.N., Doering, C.R., Littlehale, M.L., Teodoro, G.I.C., Laub,
M.T., 2022. A functional selection reveals previously undetected anti-
phage defence systems in the E. coli pangenome. Nat. Microbiol. 7, 1568—
1579. https://doi.org/10.1038/s41564-022-01219-4

Velisetty, P., Chakrapani, S., 2012. Desensitization Mechanism in
Prokaryotic Ligand-gated lon Channel. J. Biol. Chem. 287, 18467-18477.
https://doi.org/10.1074/jbc.M112.348045

Wah, D.A., Levchenko, I., Baker, T.A., Sauer, R.T., 2002. Characterization
of a Specificity Factor for an AAA+ ATPase: Assembly of SspB Dimers
with ssrA-Tagged Proteins and the ClpX Hexamer. Chem. Biol. 9, 1237—
1245. https://doi.org/10.1016/S1074-5521(02)00268-5

176



206.

207.

208.

209.

210.

211

212.

213.

214,

215.

216.

217.

Walker, F.C., Chou-Zheng, L., Dunkle, J.A., Hatoum-Aslan, A., 2017.
Molecular determinants for CRISPR RNA maturation in the Cas10—Csm
complex and roles for non-Cas nucleases. Nucleic Acids Res. 45, 2112—
2123. https://doi.org/10.1093/nar/gkw891

Walsh, N.P., Alba, B.M., Bose, B., Gross, C.A., Sauer, R.T., 2003. OMP
Peptide Signals Initiate the Envelope-Stress Response by Activating DegS
Protease via Relief of Inhibition Mediated by Its PDZ Domain. Cell 113,
61-71. https://doi.org/10.1016/S0092-8674(03)00203-4

Whiteley, A.T., Eaglesham, J.B., de Oliveira Mann, C.C., Morehouse,
B.R., Lowey, B., Nieminen, E.A., Danilchanka, O., King, D.S., Lee,
A.S.Y., Mekalanos, J.J., Kranzusch, P.J., 2019. Bacterial cGAS-like
enzymes synthesize diverse nucleotide signals. Nature 567, 194-199.
https://doi.org/10.1038/s41586-019-0953-5

Xia, P., Dutta, A., Gupta, K., Batish, M., Parashar, V., 2022. Structural
basis of cyclic oligoadenylate binding to the transcription factor Csa3
outlines cross talk between type Il and type | CRISPR systems. J. Biol.
Chem. 298, 101591. https://doi.org/10.1016/j.jbc.2022.101591

Yan, W.X., Hunnewell, P., Alfonse, L.E., Carte, J.M., Keston-Smith, E.,
Sothiselvam, S., Garrity, A.J., Chong, S., Makarova, K.S., Koonin, E.V.,
Cheng, D.R., Scott, D.A., 2019. Functionally diverse type V CRISPR-Cas
systems. Science 363, 88-91. https://doi.org/10.1126/science.aav7271
Yang, H., Patel, D.J., 2022. A type IlI-E CRISPR Craspase exhibiting
RNase and protease activities. Cell Res. 32, 1044-1046.
https://doi.org/10.1038/s41422-022-00739-2

Yang, J., Li, X., He, Q., Wang, X., Tang, J., Wang, T., Zhang, Y., Yu, F.,
Zhang, S., Liu, Z., Zhang, L., Liao, F., Yin, H., Zhao, H., Deng, Z., Zhang,
H., 2024. Structural basis for the activity of the type VII CRISPR-Cas
system. Nature 633, 465-472. https://doi.org/10.1038/s41586-024-07815-
0

Yang, W., 2011. Nucleases: diversity of structure, function and
mechanism. Q. Rev. Biophys. 44, 1-93.
https://doi.org/10.1017/S0033583510000181

Ye, Qiaozhen, Lau, R.K., Mathews, I.T., Birkholz, E.A., Watrous, J.D.,
Azimi, C.S., Pogliano, J., Jain, M., Corbett, K.D., 2020. HORMA Domain
Proteins and a Trip13-like ATPase Regulate Bacterial cGAS-like Enzymes
to Mediate Bacteriophage Immunity. Mol. Cell 77, 709-722.e7.
https://doi.org/10.1016/j.molcel.2019.12.009

Ye, Qing, Zhao, X., Liu, J., Zeng, Z., Zhang, Z., Liu, T., Li, Y., Han, W.,
Peng, N., 2020. CRISPR-Associated Factor Csa3b Regulates CRISPR
Adaptation and Cmr-Mediated RNA Interference in Sulfolobus islandicus.
Front. Microbiol. 11.

Yirmiya, E., Leavitt, A., Lu, A., Ragucci, A.E., Avraham, C., Osterman, 1.,
Garb, J., Antine, S.P., Mooney, S.E., Hobbs, S.J., Kranzusch, P.J., Amitai,
G., Sorek, R., 2024. Phages overcome bacterial immunity via diverse anti-
defence proteins. Nature 625, 352-359. https://doi.org/10.1038/s41586-
023-06869-w

Yoshioka, K., 2002. KyPlot — A User-oriented Tool for Statistical Data
Analysis and  Visualization. Comput.  Stat. 17, 425-437.
https://doi.org/10.1007/s001800200117

177



218.

219.

220.

221.

222.

223.

224,

225,

You, L., Ma, J., Wang, J., Artamonova, D., Wang, M., Liu, L., Xiang, H.,
Severinov, K., Zhang, X., Wang, Y., 2019. Structure Studies of the
CRISPR-Csm Complex Reveal Mechanism of Co-transcriptional
Interference. Cell 176, 239-253.e16.
https://doi.org/10.1016/j.cell.2018.10.052

Zhang, D., Du, L., Gao, H., Yuan, C., Lin, Z., 2024. Structural insight into
the Csx1-Crn2 fusion self-limiting ribonuclease of type Ill CRISPR
system. Nucleic Acids Res. 52, 8419-8430.
https://doi.org/10.1093/nar/gkae569

Zhao, R., Yang, Y., Zheng, F., Zeng, Z., Feng, W., Jin, X., Wang, J., Yang,
K., Liang, Y.X.,, She, Q., Han, W., 2020. A Membrane-Associated DHH-
DHHA1 Nuclease Degrades Type Il CRISPR Second Messenger. Cell
Rep. 32, 108133. https://doi.org/10.1016/j.celrep.2020.108133

Zhou, Y., Gottesman, S., Hoskins, J.R., Maurizi, M.R., Wickner, S., 2001.
The RssB response regulator directly targets ¢S for degradation by ClpXP.
Genes Dev. 15, 627-637. https://doi.org/10.1101/gad.864401

Zhu, D., Wang, Lijun, Shang, G., Liu, X., Zhu, J., Lu, D., Wang, Lei, Kan,
B., Zhang, J., Xiang, Y., 2014. Structural Biochemistry of a Vibrio cholerae
Dinucleotide Cyclase Reveals Cyclase Activity Regulation by Folates.
Mol. Cell 55, 931-937. https://doi.org/10.1016/j.molcel.2014.08.001

Zhu, W., McQuarrie, S., Gruschow, S., McMahon, S.A., Graham, S.,
Gloster, T.M., White, M.F., 2021. The CRISPR ancillary effector Can2 is
a dual-specificity nuclease potentiating type 11l CRISPR defence. Nucleic
Acids Res. 49, 2777-2789. https://doi.org/10.1093/nar/gkab073

Zhuang, J., Xie, L., Zheng, L., 2022. A Glimpse of Programmed Cell Death
Among Bacteria, Animals, and Plants. Front. Cell Dev. Biol. 9.
https://doi.org/10.3389/fcell.2021.790117

Zimmermann, L., Stephens, A., Nam, S.-Z., Rau, D., Kibler, J., Lozajic,
M., Gabler, F., Séding, J., Lupas, A.N., Alva, V., 2018. A Completely
Reimplemented MPI Bioinformatics Toolkit with a New HHpred Server at
its Core. J. Mol. Biol. 430, 2237-2243.
https://doi.org/10.1016/j.jmb.2017.12.007

178



REPRODUCTION LICENCES

Parts of text and figures are reproduced from D. Smalakyte, M. Kazlauskiene,
J. F. Havelund, A. Ruksénaité, A. Rimaite, G. Tamulaitiene, N. J. Fergeman,
G Tamulaitis, V. Siksnys. Type IlI-A CRISPR-associated protein Csm6
degrades cyclic hexa-adenylate activator using both CARF and HEPN
domains. Nucleic Acids Research. 2020; 48(16): 9204-9217. DOI:
https://doi.org/10.1093/nar/ gkaa634. Under Creative Commons CC-BY-NC
license.

Parts of text and figures are reproduced from D. Smalakyte, A. Ruksenaite, G.
Sasnauskas, G. Tamulaitiene, G. Tamulaitis. Filament formation activates
protease and ring nuclease activities of CRISPR Lon-SAVED. Molecular
Cell. 2024; 84(21): 4239-4255. DOI: https://doi.org/10.1016/j.molcel.
2024.09.002.

Figure 1.2 reproduced with additional modifications from K. S. Makarova, Y.
I. Wolf, J. Iranzo, S. A. Shmakov, O. S. Alkhnbashi, S. J. Brouns, E.
Charpentier, D. Cheng, D. H. Haft, P. Horvath, S. Moineau. Evolutionary
classification of CRISPR-Cas systems: a burst of class 2 and derived
variants. Nature Reviews Microbiology. 2020; 18(2): 67-83. DOI:
https://doi.org/10.1038/541579-019-0299-x under license No. 5992361397
223

Figure 1.6 B reproduced from A. T. Whiteley, J. B. Eaglesham, C. C. de
Oliveira Mann, B. R. Morehouse, B. Lowey, E. A. Nieminen, O. Danilchanka,
D. S. King, A. S. Y. Lee, J. J. Mekalanos, P. J. Kranzusch. Bacterial cGAS-
like enzymes synthesize diverse nucleotide signals. Nature. 2019; 567, 194—
199. DOI: https://doi.org/10.1038/s41586-019-0953-5 under license No.
5991950077410

Figure 1.9 A reproduced from B. Lowey, A. T. Whiteley, A. F.A. Keszei, B.
R. Morehouse, I. T. Mathews, S. P. Antine, V. J. Cabrera, D. Kashin, P.
Niemann, M. Jain, F. Schwede, J. J. Mekalanos, S. Shao, A. S.Y. Lee, P. J.
Kranzusch. CBASS Immunity Uses CARF-Related Effectors to Sense 3'-5'-
and 2'-5'-Linked Cyclic Oligonucleotide Signals and Protect Bacteria from
Phage Infection. Cell. 2020; 182(1): 38-49. DOI: https://doi.org/10.1016/
j.cell.2020.05.019 under license No. 5991931349549.

Figure 1.14 reproduced from K. S. Makarova, A. Timinskas, Y. |. Wolf, A. B.
Gussow, V. Siksnys, C. Venclovas, E. V. Koonin. Evolutionary and functional
classification of the CARF domain superfamily, key sensors in prokaryotic
antivirus defense. Nucleic acids research. 2020; 48(16): 8828-8847. DOI:

179



https://doi.org/10.1093/nar/gkaa635. This article is a work of the United
States government. Such works are not entitled to domestic copyright
protection under U.S. law and are therefore in the public domain.

180



APPENDICES

Appendix 1. Plasmids used in the study of cAs sighaling regulation.

Backbone /
antibiotic
Name resistance Details
pCas/Csm pCDFDuet-1/Str®  Plasmid encoding S. thermophilus DGCC8004 genes: cas6, cas10, csm2, csm3, csmé,

csmb5, esm6', csm6. Used for expression of wt-StCsm complex.

pCas/Csm_dCsm3 pCDFDuet-1/StrR  Plasmid encoding S. thermophilus DGCC8004 genes: cas6, cas10, csm2, (D33A)csm3,
csm4, csmb, esm6’, csm6. Used for expression of RNase deficient StCsm complex in the
presence of StCsm6 and StCsmé'.

pCas/Csm_dCsm3_dHD pCDFDuet-1/ StrR Plasmid encoding S. thermophilus DGCC8004 genes: cas6, (D16A)cas10, csm2,
Casl0 (D33A)csm3, csm4, csm5, csm6', csmb. Used for expression of RNase and DNase
deficient StCsm complex in the presence of StCsm6 and StCsm6'.

pCas/Csm_dCsm3_dHD pCDFDuet-1/ StrR Plasmid encoding S. thermophilus DGCC8004 genes: cas6, (D16A)cas10, csm2,

Casl0_ (D33A)csm3, csm4, csm5, csm6', csmb. Used for expression of RNase and DNase
ACsm6'ACSm6 deficient StCsm complex in the absence of StCsm6 and StCsm6'.
pCas/Csm_dCsm3_dHD pCDFDuet-1/ StrR Plasmid encoding S. thermophilus DGCC8004 genes: cas6, (D16A, D575A,
Cas10_dPalmCas10_AC D576A)cas10, csm2, (D33A)csm3, csm4, csmb, esm6’, csm6. Used for expression of
sm6’ ACsm6 RNase, DNase and synthethase deficient StCsm complex in the absence of StCsm6 and
StCsm6'.
pCRISPR_Tc pACYCDuet-1/ Plasmid encoding synthetic S. thermophilus DGCC8004 CRISPR locus composed of the
CmR leader sequence, (repeat, spacer)s and terminal repeat. Tc spacer sequence targets the

transcript of gene coding tetracycline resistance protein (TcR). Used for expression of
crRNA targeting TcR transcript.
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PCRISPR_S3

pCRISPR_MS2

pTarget_Tc
(Tc®, Ap®)
pTarget_Tcmut

pTarget_ctrl

pCsm2N-Tag
pCsm6
pCsm6’

pdCARF-Csm6

pdHEPN-Csm6

pACYCDuet-1/

Plasmid encoding synthetic S. thermophilus DGCC8004 CRISPR locus composed of the
CmR

leader sequence, (repeat, spacer)s and terminal repeat. Spacer sequence is obtained from
native S. thermophilus DGCC8004 CRISPR locus. Used for expression of StCsm
complex with crRNA containing S3 spacer.

Plasmid encoding minimal synthetic S. thermophilus DGCC8004 CRISPR locus
composed of the leader sequence, repeat, spacer and terminal repeat. MS2 pacer sequence
targets the rep transcript of MS2 phage. Used for expression of crRNA targeting MS2
phage.
pBR322 / TcR, ApR Plasmid containing gene coding tetracycline resistance protein TcR. Used for constitutive

Tc target RNA production in cells.

pACYCDuet-1/
CmR

pBR322 / TcR, ApR  Plasmid containing gene encoding mutated version of TcR. Mutations in Tc target site

result in the 5'-GTTTCCGT3’ 3'-flanking sequence, making it complementary to the 5'-
handle (5’ACGGAAAC-3’) of crRNA bound in StCsm complex.

Plasmid used as control to pTarget_Tc plasmid. No gene coding tetracycline resistance
protein.

Plasmid encoding S. thermophilus DGCC8004 csm2 fused with N-terminal Strepll-tag.
Used for expression of N-terminal Strepll-tagged Csm2, for StCsm complex purification.

puUC18/ ApR

PETDuet-1/ ApR

pBAD24/ ApR  Plasmid encoding S. thermophilus DGCC8004 csmé6 fused with N-terminal Hiss-Strepll-
Hise tag. Used for expression of tagged wt-StCsm6.
pBAD24/ ApR  Plasmid encoding S. thermophilus DGCC8004 csmé’ fused with N-terminal Hiss-Strepll-
Hiss tag. Used for expression of tagged wt-StCsm6'.
pBAD24/ ApR  Plasmid encoding S. thermophilus DGCC8004 (D12A)csm6 fused with N-terminal Hise-
Strepll-Hiss tag. Used for expression of tagged CARF ring nuclease activity-deficient
StCsm6.
pBAD24 | ApR Plasmid encoding S. thermophilus DGCC8004 (R371A, H376A) csm6 fused with N-

terminal Hise-Strepll-Hiss tag. Used for expression of tagged RNase activity-deficient
StCsm6.
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pCARF

pHEPN

pdCARF

pdHEPN

pUC18_S3/1

pBAD24 | ApR

pBAD24 | ApR

pBAD24 | ApR

pBAD24 | ApR

puUC18_S3/1/ ApR

Plasmid encoding 1-169 codons of csm6 from S. thermophilus DGCC8004 fused with N-
terminal TEV protease-cleavable MBP and Hisio tag. Used for expression of tagged
CARF domain of StCsme.

Plasmid encoding 172-428 codons of csm6 from S. thermophilus DGCC8004 fused with
N-terminal TEV protease-cleavable Hiss tag. Used for expression of tagged HEPN
domain of StCsm6.

Plasmid encoding 1-169 codons of (D12A)csm6 from S. thermophilus DGCC8004 fused
with N-terminal TEV protease-cleavable MBP and Hisio tag. Used for expression of
tagged ring nuclease activity-deficient CARF domain of StCsm6.

Plasmid encoding 172-428 codons of (R371A, H376A)csm6 from S. thermophilus
DGCC8004 fused with N-terminal TEV protease-cleavable Hiss tag. Used for expression
of tagged RNase activity-deficient HEPN domain of StCsmé.

Plasmid for generation of S3/1 and NS RNA substrates
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Appendix 2. Plasmids used in the study of CCaCalpL-CalpT-CalpS tripartite effector system.

Name
pCCaCsm

pCCaCRISPR

pCCaCalpL-NTag

pCCaCalpL-°Tag

pSAVED-‘Tag

p(S154A)CCaCalpL-

CTag

p(K330A)CCaCalpL-
CTag

Backbone /
antibiotic
resistance

pCDFDuet-1 / StrR

PETDuetl / ApR

pBAD/HisA / ApR

pBAD/HisA / ApR

pBAD/HisA / ApR

pBAD/HisA / ApR

pBAD/HisA / ApR

Details

Plasmid encoding Ca. C. acidaminovorans cas10 (fused with TEV-cleavable Hiss-Strepll-
Hiss tag), csm2, csm3, csm4 and csm5 genes. Used for expression of tagged CCaCsm
complex.

PIsmid encoding minimal synthetic Ca. C. acidaminovorans CRISPR locus (repeat-spacer-
repeat) and cas6 gene. Used for expression of CCaCsm complex.

Plasmid encoding codon optimized calpL variant from Ca. C. acidaminovorans fused with
TEV-cleavable Hiss-Strepll-Hiss tag on N terminus. Used for expression of N-tagged
CCacCalpL.

Plasmid encoding codon optimized calpL variant from Ca. C. acidaminovorans fused with
TEV-cleavable Hiss-Strepll-Hiss tag on C terminus. Used for expression of C-tagged
CCacCalpL.

Plasmid encoding 209-506 optimized codons of calpL (with I209A mutation) from Ca. C.
acidaminovorans fused with TEV-cleavable Hiss-Strepll-Hiss tag on C terminus. Used for
expression of C-tagged SAVED domain of CCaCalpL.

Plasmid encoding codon optimized (S154A)calpL variant from Ca. C. acidaminovorans
fused with TEV-cleavable Hise-Strepll-Hiss tag on C terminus. Used for expression of C-
tagged protease deficient CCaCalpL.

pBAD/HisA derivative encoding codon optimized (K330A)calpL variant from Ca. C.
acidaminovorans fused with TEV-cleavable Hiss-Strepll-Hiss tag on C terminus. Used for
expression of C-tagged CCaCalpL carrying K330A mutation.
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p(R358A)CCaCalpL-
CTag

p(K361A)CCaCalpL-
CTag

p(S395A)CCaCalpL-
“Tag

p(H396A)CCaCalpL-
®Tag

p(H476 A)CCaCalpL-
“Tag

p(R358E-
K361E)CCaCalpL-‘Tag
pET-CCaCalpS-“Tag

pCDF-CCaCalpT

pET-CalpT-Tag

pBAD/HisA / ApR

pBAD/HisA / ApR

pBAD/HisA / ApR

pBAD/HisA / ApR

pBAD/HisA / ApR

pBAD/HisA / ApR

pETDuet-1 / ApR

pCDFDuet-1 / StrR

pETDuet-1 / ApR

pBAD/HisA derivative encoding codon optimized (R358A)calpL variant from Ca. C.
acidaminovorans fused with TEV-cleavable Hiss-Strepll-Hiss tag on C terminus. Used for
expression of C-tagged CCaCalpL carrying R58A mutation.

Plasmid encoding codon optimized (K361A)calpL variant from Ca. C. acidaminovorans
fused with TEV-cleavable Hiss-Strepll-Hiss tag on C terminus. Used for expression of C-
tagged CCaCalpL carrying K361A mutation.

Plasmid encoding codon optimized (S395A)calpL variant from Ca. C. acidaminovorans
fused with TEV-cleavable Hiss-Strepll-Hiss tag on C terminus. Used for expression of C-
tagged CCaCalpL carrying S395A mutation.

Plasmid encoding codon optimized (H396A)calpL variant from Ca. C. acidaminovorans
fused with TEV-cleavable Hiss-Strepll-Hiss tag on C terminus. Used for expression of C-
tagged CCaCalpL carrying H396A mutation.

Plasmid encoding codon optimized (H476A)calpL variant from Ca. C. acidaminovorans
fused with TEV-cleavable Hiss-Strepll-Hiss tag on C terminus. Used for expression of C-
tagged CCaCalpL carrying H476A mutation.

Plasmid encoding codon optimized (R358E-K361E)calpL variant from Ca. C.
acidaminovorans fused with TEV-cleavable Hiss-Strepll-Hiss tag on C terminus. Used for
expression of C-tagged CCaCalpL carrying R358E and K361E mutations.

Plasmid encoding codon optimized calpS from Ca. C. acidaminovorans fused with TEV-
cleavable Hiss-Strepll-Hiss tag on C terminus. Used for expression of C-tagged CCaCalpS
in the presence and absence of CCaCalpT.

Plasmid encoding codon optimized calpT from Ca. C. acidaminovorans under IPTG-
inducible promoter. Used in combination with pET-CCaCalpS-°Tag for CCaCalpT-CalpS
co-expression.

Plasmid encoding codon optimized calpT from Ca. C. acidaminovorans fused with TEV-

cleavable Hise-Strepll-Hiss tag on C terminus. Used for expression of C-tagged CCaCalpT.
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pCCacCalpS
pCCaCalpT

pCCaCalpTaan

pCCaCalpTuic

pCCaCalpTspiit

pCCaCalpTaan(mut)

PGFP

pGFP-
(wt)CCaCalpTaan-
degron

pGFP-
(mut)CCaCalpTaan-
degron

pGFP-ssrA-degron

pCDFDuet-1
PETDuet-1

pCDFDuet-1/ StrR
PETDuet-1/ ApR

PETDuet-1/ ApR
pETDuet-1/ ApR

pETDuet-1/ ApR

pETDuet-1/ ApR

pETDuet-1 / ApR

PETDuet-1/ ApR

pETDuet-1 / ApR

pETDuet-1 / ApR

pCDFDuet-1/ StrR
pETDuet-1 / ApR

Plasmid encoding codon optimized calpS from Ca. C. acidaminovorans. Used for the
toxicity assay in E. coli.

Plasmid encoding codon optimized full-length (1-299 codons) calpT from Ca. C.
acidaminovorans. Used for the toxicity assay in E. coli.

Plasmid encoding 1-204 codons of codon optimized calpT from Ca. C. acidaminovorans.
Used for expression of CCaCalpTasn With wt C-degron in the toxicity assay in E. coli.

Plasmid encoding 205-299 codons of codon optimized calpT from Ca. C. acidaminovorans.

Used for expression of CCaCalpTuic in the toxicity assay in E. coli.

Plasmid encoding 1-204 and 205-299 codons of codon optimized calpT from Ca. C.
acidaminovorans. Used in the toxicity assay in E. coli for expression of CCaCalpT2sn with
wt C-degron and CCaCalpTuzc.

Plasmid encoding 1-204 codons of codon optimized (A204D)calpT variant from Ca. C.
acidaminovorans. Used in the toxicity assay in E. coli for expression of CCaCalpTzsn with
the A204D mutation in C-degron.

Plasmid encoding mutl-GFP. Used in GFP degradation assays for expression of GFP
without the C-degron.

Plasmid for expression of mutl-GFP fused with CCaCalpT2sn C-degron sequence
PETLQLAA at the C-terminus. Used in GFP degradation assays.

Plasmid for expression of mut1l-GFP fused with mutant version of CCaCalpT2an C-degron
sequence PETLQLAD at the C-terminus. Used in GFP degradation assays.

Plasmid for expression of mutl-GFP fused with partial ssrA C-degron sequence
ENYALAA at the C-terminus. Used in GFP degradation assays.

Control plasmid used in the toxicity assay in E. coli.

Control plasmid used in the toxicity assay in E. coli.
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Appendix 3. RNA used in the study

Name
S3/1

CCaTarget

NS RNA

CAs3
CA4

CAs

cAs

As>p
Adp

As>p

Sequence 5’-3'/explanation

GGGCGGCAAAUUGAGGAGGUGGAAUAAGUGAACAGAAU
UAAACAGUUACGAAAAACAAAAGGUGGCGA

GGGUGAAGAGCAAUGAGCUCUCGAGGUGCGAUAUCGCUC
UUCCCAGUGUA

GGGCGGCAAAUUGAGGAUUUCGUAACUGUUUAAUUCUG
UUCACUUAUUCCACCAACAAAAGGUGGCGA

3'-5’ linked cyclic AAA
3'-5' linked cyclic AAAA

3'-5' linked cyclic AAAAA

3'-5" linked cyclic AAAAAA

3'-5" linked linear AAAA with 2'-3' cyclic phosphate
3'-5' linked linear AAAA with 3’ phosphate

3'-5' linked linear AAAAAA with 2'-3' cyclic phosphate

Usage
Target RNA for StCsm complex to induce the
production of cAn in vitro.
Target RNA for CCaCsm complex to induce the
production of cAn in vitro.

Non-target RNA used as control in cAn production
in vitro experiments. Radiolabeled variant used as
RNA substrate in StCsm6 RNA hydrolysis assays.

Standard and control in ring nuclease reactions.
Substrate in ring nuclease reactions, activator in

CCacCalpL protease reactions and structural studies.

Activator in StCsm6 RNase reaction.

Substrate in ring nuclease reactions, activator in
StCsm RNase reactions.

Substrate in ring nuclease reactions, activator in

CCacCalpL protease reactions and structural studies.

Substrate in ring nuclease reactions, activator in

CCacCalpL protease reactions and structural studies.

Substrate in ring nuclease reactions, activator in
StCsm RNase reactions.
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Appendix 4. Cryo-EM data collection, refinement and validation statistics.

PDB
EMDB

Data collection and processing
Microscope

Detector

Magnification

Automation software

Voltage (kV)

Electron exposure (e-/A?)
Defocus range (um)

Pixel size (A)

Symmetry imposed
Micrographs collected/used
Initial/final particle images (no.)

Map resolution (A) (masked/unmasked); FSC
threshold 0.143

Map sharpening B factor (A2)

3D FSC sphericity score

Refinement (Phenix)

Initial model used

Model resolution (A) FSC threshold 0.5
Model composition

cAs-bound CCaCalpL

9EYJ
EMD-50055

Glacios (TFS)

Falcon Il camera (TFS)

92,000
EPU
200
29.7
0.5t02.5
1.1
C1
2,546/2,471
1,426,639/124,470
2.97/3.18

105.8
0.784

Aup-bound CCaCalpL
3.38

188

As>p-bound CCaCalpL

9EYK
EMD-50056

Glacios (TFS)

Falcon Il camera (TFS)

92,000
EPU
200
29.7
0.5t025
1.1
C1
3,017/2,851
3,472,781/215,062
2.81/2.94

108.5
0.890

Ausp-bound CCaCalpL
3.29

Asp-bound CCaCalpL

9EYI
EMD-50054

Glacios (TFS)

Falcon Il camera (TFS)

92,000
EPU
200
29.7
0.5t0 2.5
1.1
C1
3,469/3,127
2,604,122/175,826
2.75/2.92

119.7
0.925

AlphaFold
3.00



Non-hydrogen atoms
Protein residues
Nucleotides

B factors (A?)
Protein
Nucleotide

RMSDs
Bond lengths (A)
Bond angles (°)

Validation
MolProbity score
Clashscore

Poor rotamers (%)

Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

CCvolume/CCmask
Cb outliers (%)
CaBLAM outliers (%)

4334
576

72.07
51.65

0.004
0.587

2.22
13.32
2.14

95.16
4.84
0

0.71/0.72
0.18
0.93
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6639
891

80.57
63.93

0.005
0.750

2.28
13.61
3.10

96.13
3.87
0

0.73/0.73
0
0.98

9453
1248

83.48
54.42

0.005
0.633

1.99
10.21
2.15

96.72
3.28
0

0.81/0.81
0
0.42



Appendix 5. Cryo-EM single particle analysis workflow of the cAs-bound CCaCalpL sample

Raw image Lowpass filtered
defocus ~1.7 ym

0 nm

2,471 accepted icrographs
30 e/A2, 200 kV, 1.10 A pixel

(1,426,639 ptc)

Blob picker 100-150 A
Extraction (240 px box)

... s

(687,353 ptc)

Representative 2D classes

Ab-initio reconstruction

(3 classes)

27 32 40 50 6.0A

Global resolution = 2.97 A
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Heterogeneous refinement
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132,224 ptc retained)

3D classification
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Appendix 6. Cryo-EM single particle analysis workflow of the As>p-bound CCaCalpL sample

Raw image Lowpass filtered
defocus ':_2.2 um
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Appendix 7. Cryo-EM single particle analysis workflow of the Asp-bound CCaCalpL sample

Raw image Lowpass filtered
defocus ~1.9 um

90 nm

3,127 accepted micrographs
30 e/A?, 200 kV, 1.10 A pixel

Blob picker 100-150 A
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Appendix 8. Multiple sequence alignment of Csm6 homologues. The alignment was generated using MUSCLE and displayed
using Espript 3.0. Black star indicates conserved aspartate important for ring nuclease activity of the CARF domain. White stars
mark the active site residues of the HEPN RNase. StCsmé6 - Streptococcus thermophilus Csm6 (WP_014621552.1), StCsm6' Streptococcus
thermophilus Csmé’ (WP_014621551.1), EiCsm6 - Enterococcus italicus Csm6 (WP_007208953.1), SaCsm6 - Staphylococcus aureus Csm6é
(EZS13226.1), SeCsmé - Staphylococcus epidermidis Csm6 (WP_002502662.1), LICsm6 - Lactococcus lactis Csm6 (AGA14268.1), SmCsmé6 -
Staphylococcus microti Csm6 (WP_044359384.1), McCsmé6 - Macrococcoides caseolyticum Csm6 (WP_133445588.1), HhCsm6 -
Halolactibacillus halophilus Csm6 (WP_089831386.1), SACsm6 Staphylococcus debuckii Csm6é (WP_123144061.1).
1 30 40 50 60

20 70 80
StCsmé6/1-428 VKQDL. ..... .T. ... . INKVLLS|IIE.GYNPIIEIDST/ILNNDEVFLFDK
StCsmé’ /1-386 KKOQIGN .« v v v v ulefe v o|e ™ IEX[AL[FS|IAPNYEPEL|IIHDPIISDNEVHIFDV
EiCsm6/1-430 QGNIQH. . ... FSIGOQQAFDWVEKIIQSIINENCQIIEIKCDTIEVENDFDA|YKDL
SaCsm6/1-422 NGNRN. . ... IP/GRKN[FDWENIV|SK[V|SSRTKVDIKVDSIKYENDFD|S|YKD|T
SeCsm6/1-422 NGNRN..... IPGRKNFDWENIVISKVSSRTKVDIKVDSIKYENDFD|SYKD|T
L1Csm6/1-409 TKHDK . oo v s ofelo o ofle « LVKALKS|IK.DYSPEIIQDGVVLPD
SmCsmé6/1-419 LGEK[SE..... FK|GHKE[YEWEE|I I|QQV|SVDTEVEV|I[VDTI[EHP QD FD|V|Y KEIK
McCsmé6/1-421 EGNQR. . ... FEGHKNFDWENTIIKHVHPSCEVIVIDVEDVIENAHDFDSFKDTI
HhCsm6/1-443 EDRKYSKGTVILGHKHFEWEKT I|QA[VISPQTD[VDLC|TES I|[EKEH[D Y D[Sy KAIC
SdCsm6/1-421 EGNNR. . ... FIGQKNFDWKFIINS|ISSDAEVRIKVDSIEKEHDFDAYKD|L

9? 0 0 0 149 159 169 179
stCsm6/1-428 [MY[EVMGOIVOKFTNDONET I YL SRR I|I[SATFALNR I NDYNT TEHKNRANREYTALTESETI . .HALIMENQDNRLDFVDSIKDKE
StCsmé6’ /1-386 |MFQRFSDILQEYTKEDFILLSAIKSALFVINRLNGINV SIHEHAISNENIGHDNDENI . .DELIEVNKDNKVNE IDIET I EDNRA
EiCsm6/1-430 |FHQY|/LVEEKRKpYP . .NAIFLVTGME‘ITLCLEYVTYPDKM TEHLKT[SNAKTKYAQADCQ. .E‘VDLEIVNEEESQQPSCHKIAI
SaCsmé6/1-422 |FHFYINEIRTKS . . DATILLYV TEGERAIMEIS TLCLEY I|SNP|HNM TIHAPIEGPKRSFAKLETV. .[TEDLNKVNANEKMASNEIISK S|T|N(T
SeCsm6/1-422 |[FHFY|INETRTKELS . . DAET L LYV THCEELV[E[S TLCLE Y I|S N[P|HNM TIHAPIEGPKRSFAKLETYV . .|T/ED|LNKVNANEKMA SNIIS K S|T|N|T
L1Csm6/1-409 MYDT[VISS|IVKKFIS. DRI I LT sEASI|I|SAMFAVNRISDFNV TIJOHK[SNEGLREDNQEDI . . DKLIETNLDNQSD YENIITLADTG
SmCsmé6/1-419 |E‘HEYIKSLGDEP . - |EDITI LLYV TEIGERAIMEATLCLE Y VVY|PHRK TIHENWSNANLSHSTPKEELDAVN|IETVNLNEEAHEPIYKE|IET
McCsmé6/1-421 |E‘HEKIETLSDQN. - PDIHVL LYV TEGERHESIMETTLCLEY I|T Y|P|ENK SIHMEKNISNAGSQYSKHGDV. .[E[IDIEIVHEEEQKHE|SIECKE|I|E|T
HhCsm6/1-443 |[FHAH|T|TS|LMKRE4P . . ADERL LMYV SECIINMGA TL.CLE Y VA Y[PDNK TEIMNN|SNANTKYATPADQ. .[EID|LD|I[VNEEENGFLISICAE[I|D|T
SdCsm6/1-421 |[FHSYLVELENERP . . EARL L LAV THCERMEATLCLEY I T YR KNK TIINS S[SNJAGMKYAKPEDQ . .[EIDLEIVNQEES SETSEICKE|INT
18(_) 1 0 0 21(_) 23(_] 24(_) 259 269

StCsmé6/1-428 EKPYPTQALVERHLR|S|L I|AS FelqQ AFNEAIT IINRKEYN.KLLESKKKIAY DF SRVIFKNQSILSDILSFP...LDDSQKKALNYYLMIDVLKER]
StCsmé6’ /1-386 EKYPSOALLKKTARDF I|EKFERKARNLD/IL|. . .. . D.QLSDFPNLES DVVNCIL S[KIQD[VIPK|/GL[REKK . . . LKEEEQKILISAYLTI[ELQRER
EiCsm6/1-430 LSYREAIVRNQIK[SILLDNYpREAMLQLV|. . ... A .SQEKSFRNGEKE ELIDDIIKMHRVFSYLIKQYP. . .RNEKLQKALLHTILLEMRHQ|R|
SaCsmé6/1-422 ISIPREVMVRSIQ IK|S|L VNN YsF'4E GEALN[LV|. . . . . S .DQKSFRNGK|L ELTNQIKTHEVFPEINDKY...RSVALKKSLFHYLLL Y N|R
SeCsmé6/1-422 ISIPREVMVRISIQ IK[SIL VNN YishdE GENLNLV. . . . . S .DQEKSFREN|GKL ELTNQIKTHEVFPEINDKY. .. .RSVALKKSLFHYLLIL Y N|R|
L1Csm6/1-409  MKJSQDLTKRNLKAL IDN ypR{QGILELL]. . ... K .KQK[SFSNIKE EIS|DT[IKI|QGMPDKIVKSK. . .LSNQAKSALNSYLNI HK[Q
SmCsmé6/1-419 I SIWREAMVESQILGLIJAN YPR4EGE\LSLI|. . ... Q.QQEVFKNKD|T EITSS/IKKHSVFKDISEKY...SNDDLRKLLFHYLIL FD[R
McCsm6/1-421  TSERETMLRAQLQAMIAH YRREAFAY|QLT|. . . . . V.PHT|TFKNREKQ RYNMS|TKNHKVILDEIDEKK. . . IGYY|SKKIV[FHYWLT, EER
HhCsm6/1-443 LSIPYPREIIVEGQLS(SIL IDN YslgNAFNF|FLI|. . ... V.QNS|SLPHANQ TLSENIKMHRVIFDEIHAEYPGREKNEALRLALITHCLLIL Y KR
SdCsm6/1-421  LSWYREAMLRSOLKIGI I|YN YRR4EARNLOLL). . . . . DIIPKGFRNKEKK NLTDKIKLHEPFDDIKKEY. . .KDMNVQKAVFHTLLL HR[R
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290 310 320 330 340

StCsm6/1-428 ETIKKDHEGLIVFDGN)]. . . .PKLNPSFPDCEAILDDIDKK .MKKSRGIEDTEER. .. .IFSVQSTLNTLS[Y|LN[T
StCsmé’ /1-386 DY IEKRYP|GLI|. « v v ofo|e v afe]afe oo oo nn DEYCEDIQK. .|.|e . fefeee .. YY‘LSLFDYSKL
EiCsm6/1-430 Oy T|QKNYP|Y[LI[TYKED[K|. . . .[P[YFN. .. ... VSYSQELTES.YLALMDSRNKKTNKKMTVDSLDRIL|GF|PAYRDF
SaCsm6/1-422 T|Y I[VGHWP(T|L I|TEKDD[K|. . . .[P[Y|LN|. . . . .. AEDNLSFIYK.[YKLLLEKRRQNLD....... VSRI‘LGLPAFIDI
SeCsm6/1-422 T|Y IVGHWP(T[LI|TEKDDK|. . . .[PYLN|[. .. ... AEDNLSFIYK.[YKLLLEKRRQNLD....... VSRI|LGLPAFID|I
L1Csm6/1-409 DY LNNHF LDV ITYKDGEK|. . . .[P[FLN[. .. ... ASKYPEILKK.FQEDREMRGKEYH....S....GYLSLPAYIGT
SmCsm6/1-419 Y[Y IINTKYPD[VIVYNYDR[. .. .PQLN...... QKSSFRVKYEV)YLNSINKKLRKFD.......... T|L|{G|L|P AY|I D|T
McCsm6/1-421 RYFERKYK|GLLQEKGMN|. . . .[VKLN|. .. ... TNYDDKFIEK.YTNILASNGMTYQ....... P QANV|G[L|V S[Y ANM
HhCsmé6/1-443 HY INKHYP[KLIQYRKYRGQPS[PFFN...... RHYSSKFTEE.[Y|QSFLSKKGWELD. ... ... DRKVEGFVNYFDI
SdCsm6/1-421 K IDKQYPIGILI)Y YFNEK|. . . .BJY[LN... .. .LEYDPVFIKE.|[YTSHAGHFLKEKE.........NLLSEPMYRD[

3708 ¢y 380 390 400 a10 azo

StCsm6/1-428 MEFYEYDSQLIQTAING|ILS

LEGERIKVERCIGWMSE IDT|. . . . . . .. RLLSREKKLKQLSENLRLLLVDC|LI.GIDSSYFNYYDKQ K|
StCsmé’ /1-386 MKIATK.EFKLKRTIAPIIDMES SEENKVEGISMSPILDS|. .. ... .. .DAV. .KQLGIAMKTLETLVREQY|.HFSQSDFNFYHDL T
EiCsm6/1-430 QLLEASNE‘MTNEMNK\/NEI N LYK VESGINAD SILIN|L|. . . .. .. DRDKNG‘RKITNA TAVRTMLLAVFPEVQENDFHYLEKQF E|
SaCsm6/1-422 IATVLEPNSKLLKEVNAVNDIRIGLEAYS IEGNMETLDL. .. ... . DKNKNY[K[K|IML|SVEA IKNMLH|IS|F|P[E IEEKD|YNYFERK E
SeCsmé6/1-422 WMTVLEPNSKLLKE[VNAVNDIGLESYS IKGINMETLDL. . . ... . DKNKNYKK[IML|S FPIEIEEKD[YNYF ERK] E|
L1Csm6/1-409 MKEFFEPNHDLLKHEIYKIQEIRIQDIANKVESCISMOAFDR|. . . ... .. KNL. .KEK[VSSA F|.DIDNHWEFSFYEDL K
SmCsmé6/1-419 MAICTEGNS SVISNEK[LINDVMK IIIK HR®YSVEGCIKMD TINT|. . . o o v o & v NNNN|Q|T RK[A FIKEVDIRDFEYVEKQA E|
McCsm6/1-421 EILEPEST‘FHQNVLQILKV A LBRSUNVECINMEEL K. . ... .. DK .QVNDD|IKSA FIKDIKDNDLLLIDDI E|
HhCsm6/1-443 MK|[L LE[GDGMV|F SELKTIEMIRD LERG IEGIRMEE L|SMIDNGQADDQLEVRDK[LIS QA Y[SNIQSHNLNYFDNK A
SdCsmé6/1-421 MTILLENKGEV|LKN[VHAVNNILNS LEROVEGINIMOSLINLI. . . .. . . YONKNEKN[IDTAVKAVEKLLLIVYPEVINDSTLNYFDQF E|
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Appendix 9. Superimposition of StCsm6 structural model (Kazlauskiene
et al., 2017) and T. onnurineus Csm6-cAy structure (PDB ID: 606V) (Jia
etal., 2019b).
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Appendix 10. Multiple sequence alignment of SAVEDA4-Lon homologues. The alignment is displayed using Espript 3.0. White
stars indicate conserved Lon active site residues, black stars mark the active site residues of the SAVED ring nuclease. CCaCalpL —
SAVEDA4-Lon architecture protein CalpL from Candidatus cloacimonas acidominovorans (WP_015424587.1), SsCalpL — SAVED4-Lon
architecture protein from Sulfurihydrogenibium spp. YO3AOP1 (WP_012459369.1)

1 10 29 30 49 50 70
ccaCalpL/1-506  ..... MPKFNETADKYLJKSGSAEAELIILQY[IQQDR[V|. SEDDEEW| EKANN....... PYTKE|N ....SAKRKYLT[QLISKL
SsCalpL/1-496 ...MHIKQLLKN..KRFE........ VIKALV|ESKEK|I|. . ..KQEWL SILLKQDTDVEI TQRAKY|E[T LTE.K.KYLNFE[LLTKT
WP_013886740.1/1-505 ...MKTIFDNIQEGRNHE IKDGS|INQD. SLP Y[C . .SKTEFAEY..RS[LKS[N FIY.D.HLFNVE[YLCEH
WP_013451723.1/1-502 ....MSPLSKYFEPEKY IRDGN[F|LPGLELED[Y| . .SDETFRDE. .EY[L|KS|T| RRY.S.KFQNLK[LLSNH
WP_012991049.1/1-486 .....MWSFSEIEERHF LWSGKM. . DDLLDEV YSLP. ... .. AKS[QFN KE..KRVHPSVN[LMAEV
WP_013909894.1/1-490 ...MSRFPFEEFDENHL LEQGL[L|. . DEHIEE[LLMRWSLEFS . . . ... .. P K|I|QF|S RERLKDSFSPKL[LVKHL
WP_025306046.1/1-479 . .MWKFWEIELKHF LESGK[L|. . DDHIEG|L WELP .. ...... P S|H|Q[Y|E| KE..KEVFPSIQTFRKV
WP_012673583.1/1-486 .MVKQFLEDLERF|Y IKDGN|I|. . . . KKEW[L SIFNMEDSPY.ITE[LKE[E VHH.P.EFLDYK[LLSEK
WP_075665150.1/1-480 .MYTNILKQNIEDF VIKKDL|I|. . . . SLNE|3| .LKCEDFPQK. . SFV|L|Y|E LET.K.KTSSIE[LLIKL
WP_012579496.1/1-479 .MFSRLLSSNSSDF LERDD|I|. . ..TVKEA .INAEDFDNE. .FLV|FY[E KEK.KIVDLNQE[LLKKI
WP_012057870.1/1-477 ... .MFGNLLKNDPDSF LINSDQ[I|. . . . HLDE[] .LKNKDFKAK. . ERI|F|Y[E YLK .KVKNISEE[LLSKF
WP_064011104.1/1-498 .. .MAYSNLLKNDVLKY VKRGE|I|. . . .SLGE|I SRLDKDIPQR. .KL|I|V|Y|E LSQ.NYKEHAIN[LLITE
WP_011994539.1/1-477 ...MSFSNVMANDVKKY VISAGE|I|. . . . EIGMV| SLLSPNIPNY..QKI|FF|E LKK.GLEEVAAR[LF|SIA
WP_031505214.1/1-492 MDNYHHSFFLATDPYE[Y VIRRRV|L|. . . . SREK|L ELLPKDQPNR. .KL[I|F[Y|E LEN.RDHANAAL[LL|SKE
SNR62895.1/1-506 ......... MKEDEYPV| VIREGR|T|[IPFEENEE|Y] .FLGESVTDK. .. .|.|HE[F LFR.LLDEIPISEIEKV
KUK03000.1/1-477 .......... MRDSAE[Y| VQSGV[L. . . . SKEK[L| ELVPKDHPDR. . SQIFYK LQD.NDRSFAVL[LLSRE

- 80 20 100 110 120 130 140
CCaCalpL/1-506 W...GISENE[|KSS...QQQPKIGLFEA. .V[DSRKNAFTJAKVFV[YKLKSE . EPTALAT|LGDKIE . . NF|SYTJAQLGK. . . . QNCL[T] K
SsCalpL/1-496 L...NLDQQTRIEIM...RNPFKEVY[FPT|[YN|IENPEESRLNKALI|IP. .. .. LSNQTE|TLNTFVNSQD IKEATN. .. .KNFF[V N
WP_013886740.1/1-505 L...QITEND|CYALK...NAKIKRAYFPV|TSHNNGNESE[IQELIFFDVELESSTLTFPNENNHVKD . A SKALK....RNFF[I N
WP_013451723.1/1-502 F...KMDEDNLRVLL...NEDYKIASFPI[V.|..DNSQAELANLYV[IELEDNCQTLSFPNTDMFRLD.Y IKKALG. .. .KNFF[V R
WP_012991049.1/1-486 W...EVPEEDV|[EAWL...NGPYRLFLVEV|. .[VDEKGEAHL|VKGLSVK. ..GAGQSIITNQKHLLK. .Y LKEFLK....EGFG|L E
WP_013909894.1/1-490 K...IKPIEDREQI[V...KGKGKHFE[IIV|..[VIDKD.QSDFAKGLV|/IP...DTSK.IITNLPELKN. .S IKKFLN....KNFAWV| s
WP_025306046.1/1-479 F...KVSEETRAVKF[F...KEKHITFEFPV|. .[V[SSDGKGE|L|IIKAVA/IK...NLKE.VITNLKNIKR..H IKEF|LK. ... TGFA[V R
WP_012673583.1/1-486 L...NLSEDE[I|[YEIFVKGKQAF.EVY|FPV|]Y. LPDEEEAHLYKALIVE. .. .. GTSKTE|T[FNKFV. ..D IKAVAN. .. .KDFF[V N
WP_075665150.1/1-480 L...NDDLT.[VILNL[Y...RNGYNEVR|FPI|. .[VNDSGNGKIARAIVIFK..... NEKTYVN|[LEGFTD..K IEKIVIQ....KNLG|V s
WP_012579496.1/1-479 F...NGEEEI[I|FD|I[Y...KNDFVEVF|FET|. .[VNKLGNGK|IARAIIFE..... SKKSFTNNPDLKS..S IESLVIG. .. .KKLIV| s
WP_012057870.1/1-477 F...DGNIELV|FDLL...KNGYVEAK|FPI|. .[VKE.EYGK|/IJARVMV|ITK . .SENSFSNVK..LN..K IENVVG. .. .HRLAV s
WP_064011104.1/1-498 YGSLGLKKEE[RYLLV...WSKFVEVEKFPV|. .[V|. EADKVTILARCLV[FK.....VDFSFSNNPEVSD..I LEKKIN....AKISV| R
WP_011994539.1/1-477 S...KLSLSD[S|YRI[V...SSEYFEAK|FPI|. .[V[YNSKKSMI|T|SALIFL..... SPISFTNIQGNRP..N| IEKFLG. . . . KNLAV E
WP_031505214.1/1-492 Y...SLSFEQSMRV[V...LSDHKEVEK|FPV|..[V|. GGESSD[VRRALV[FN..... SNLEFCN[LTEHTP . . K| IERLVIG. .. .FELSV| G
SNR62895.1/1-506 | S AME|I[V..... DVKHFE[FPA[ISVISNKONDCV|LRGKIVY.....TSKPPKRNSFLVDNNYV| CKTFKISLENTKNF I|L G
KUK03000.1/1-477 Y...SLSFELRRRI[V...SSDYREVKFPV|. .[V|. EGESAHIRRALVFN. .. .. SNVEFCNLPELLE . . K EKIVG....FELSVY (¢l
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159 ﬁ 169 17(? 9 199 209 229 239
ccaCalpL/1-506 .NIQENEWoTANTATLLVKDEKT|I SK[TAY SEIVLP SGE[IT [CcoNLVHR[ .. . . LNTETIP 10YQG
SsCalpL/1-496 . IFS[EKEY|QLAVAAGLI AKEKE|I|LDNVAF T[EENV|S S N|GF|T|T P ITEKAKKV|LI[TPED LNPE. .H IFIHI
WP_013886740.1/1-505 .YFA[EREF|SLARAAAGLL . KEDKLKY[FAF S[EEVIKENAN|IAK ISEEKDLF|FV|[SPDS LNAETVD IQLFG
WP_013451723.1/1-502 .FFT[EREF|GLALAACFFI . KDE|I[REK[LLF T[EEVIRAD|GR[VIYD IAKANKRY[LV[GSTH LDRNCID IQLFG
WP_012991049.1/1-486 .DIK[EEEF|LLPRAAVISLYI . .ENPPEDAVE TERVIDREGK|I[YT . AAQKEGKR[LI[DSSG CDAKEHH| MVTTK
WP_013909894.1/1-490 .Y IS[EHKEFMLPLACALST. . ER[IPED|LRF T[HA|LNTIK|GD[VILE FAKSHGLR[LI|TPLQ LEKDKWD YITTA
WP_025306046.1/1-479 .EFA[ABFQLPTVLINLYV. . ENLPQDALF I[8AIDKK|GN|IKS LAKELGLR[LVEPYY FDAESYD YITKT
WP_012673583.1/1-486 . YF T[¢DE]Y|QF|S|IVAIGLIAKDKN[I|LKNLAF T[8KV|S S S|GK|I|LE . ITKANEKN[LITPDD LNSS..Q ILLNR
WP_075665150.1/1-480 . HF T[ENEFMLAT TMGGLT . . SK|I|PKN[VAF T[€E[V|D S D(G|S|TILKN VICEEENMK|L I|SALD FEAKEYH LFVFQ
WP_012579496.1/1-479 . EFKENEFELAVAIGSLC. . KK[I|PKN|T AF T[EE|1|D E K|GN[IKRN| ICSENNLKLI|SAFD FEAKKIH LISLM
WP_012057870.1/1-477 .KFV[ENEFMLATALAALT. . SK|I|P IN[LAF S[EE[I|DEE[GV|IKKN VICSENNLK[LI[GAFD FEEENFH LMFFR
WP_064011104.1/1-498 .GFV[EEEFELAVAVIGRLY . . DHI[PEN[LAF T[8R[VIAED|GK|I|ILK YCNKNNIGLI|SYIN LNEKEFH LLRFS
WP_011994539.1/1-477 .EIV[EDEYMLS|ITI/GSLT. . KRV|PDH|IVF T[eG|I[LED|GT|I|TS . VICRRNGYV|[LI|TSDD FEKKKYH YISFN
WP_031505214.1/1-492 .DFC[EDEFMLAVAVIGALS . . KNLPNH[VAF S[EC|LDE H[GN|[VIAL VICSEQGLE[LLTGLD FDTREHH| YLCYK
SNR62895.1/1-506 REF T[TEFMILs[V v AHFF.SQK\fFEYE‘MFT V|LP S|GIK|IINK LIAQRYGKK[LI|SPED LNESK.P PFSVM
KUK03000.1/1-477 .DLclgpEEMUAVAVIGALS . . KN[LIP GH[VAF S[ds|LIDK S|gN[VIGL VCSEQGLE[LLITGLD FNTREHH YLCYX

240 250 260 270 280 290 300

CCaCalpL/1-506 EEN......ELKRWOKA]. . ME[QKV]QEK. . FSWFSYELIE. . . . D[F|YG[I|TNSDLAI.FGNGILPFEANAWQKLIL|QEQVKDKFKLILE. . . .
SsCalpL/1-496 NKP...EL.ALQSLKQM. .EDA.[I[KKDERFKYFKLENLK. .. .KF[YRLEDODMYL. ITPSVDFSNREEIKILNEFREK SKL|LTILEGV I
WP_013886740.1/1-505 KQK...TE.LEKNLEKJI|SGNE[I.V[NDY....KIWV[GILG.. ... .|..|.|cDKSLVFTHTEEMLENT TEVWDEL[L|LDF YEK|I[NK[L|Y/Q|. . . . .
WP_013451723.1/1-502 KSK...NE.LNKNFSKL|..KE[F.I[SDG....RVMVDVILIG. . ... ... .FSDENLSVFCEDFIENNIDTLNYLRDFYYKVKRVYE .....
WP_012991049.1/1-486 GSEDWLSKWR.DFLSYM. .KD[S.|.|.ENIVRKLEI/ING|I|T.....|.|..|.].AEDLVL.YTE. .QL.PKGDTKY [MDF YRK[L|TDV[EKI. . . . .
WP_013909894.1/1-490 G....... YE.EFLNF|L|. . KD[F .|Il[GEKTFEEFE I|I[KG[L|E . F|YGIL|QEDTFYQ.VTG. .QLKTEEDWKKV|C/QDF Y TR|Y[YK|I[V|T|. . . . .
WP_025306046.1/1-479 Q..... DRWEGEFKSF|L|. . KAITG[I|SKEQLTKLEV[L|SG[LIE. . . . . ... . TKPI.ITG..QL.AGDVWKNV[L[EEFWRRFKETEQ. .. . .
WP_012673583.1/1-486 NTD...NN.IKESLHQI|..E[T|L.|I[KQD..CPYFT/IKNL|I.. . .KF|YNLSEEDLYI.ITPSIDFSNREE[LLNI[LKQFEER[LEKL|F|S|V.
WP_075665150.1/1-480 KRD...EEFVDNSYEKL|. .KEK.VGEK. . ... FPLNFVD. .. .IFEKLYDFKKTY.VSD..EIKN .NE.KK LKDARKVLINS[T|IlS|. . . . .
WP_012579496.1/1-479 AKD...KEYIRTSYEE[L|. .KERA.V[NEK.....FEIKY|SD....IFEKIJYDVNKVF.VKD..SLN. .DDGQ LKEVNSLLYR/T|T|S|. . . . .
WP_012057870.1/1-477 KEE...EEYINFSYEKL|. .FKS.[VSKK.. ... YPV[RFAE. . . . LF[EKV[YDVKKFF.VTN. .ELSSLEKWKKALKEAKAF|LLK/T|T/S|. - . . .
WP_064011104.1/1-498 SKP...QD.IESLWKRL|. .KER.[V.LA..... FS|GKDIC[E SNCNL|F[ER|I[YRAPLTYSVNR. .ELSE . DE[F[YEHI[EKS YGI|IRNV|ID|. . . . .
WP_011994539.1/1-477 SS....... KNDYWDML|. . FE[E . V[KEK.. ... FYVIDD|IK. .. .LFKKVYNPEFKY.ISS..ELRV.ED[F[QEE/I[GKVKNI|LDRIT|I/S[.....
WP_031505214.1/1-492 HSE...RV.EDRGWEE[L|. .RET.VERS..... FPS|KSLE . . . . L|Y[RK/I[YRVEMFH.RRH. .MLQE . NE[YASE[L[RRAFET[LJQVVIFQ|. . . . .
SNR62895.1/1-506 IKK...NN...DGLKL[L|. .ESA.|IKER. .EPLFSLKN[LE. .. .VFFEIKREDISI.LHSGFLSENYQEWLAF[VHRIREQLRK[L|F[g|. . . . .
KUK03000.1/1-477 HSE...RI.EDRGWEE[L|. .KEV.VEKS..... FPIGSILE . . . .LYRRIJYRVDMFH.KRY. .MLKK.EEAQE KRAFDTLQRLIFY. . . . .
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319 329 33? 349 359 EO.* 379 38?
CCaCalpL/1-506 .. .DKVMPK . .LWFYRAGQISTLQLG[T FlGFKRAV[SILOMEFS. . NI TYHEVIF I LYGKENARIQLKNVSVKKEDYQ. Y[I]QSELLINEP
SsCalpL/1-496 KDHNKVVLNI|IS...... A.GISTLALY|F LIGINRQAS|IIYHYQ. .. .K.EYHKVIDLT. .DNPRIKIKEKKSE. ..FE.K[I[SVNK.N. ..
WP_013886740.1/1-505 GSLSAFAFL(S FIGAKNKITIHHYQ. .. .DGS|IFRVMDFSE .KSVIRILLKSKTKK. .. YE.KVKYSVEYTVA
WP_013451723.1/1-502 GSLSSFAFLM LIGAKKRFIVIYHYQ[. .. .DGGVHKVIFDFMK .QSVIVILE[SKKNH. . . YE. YLIKFQIFYNDP
WP_012991049.1/1-486 RLKGKV|IFHLA...... IDGPASFAFG|L FIGSQKPF|TVYHYQ[. . . .NGK[YYP|IEV. .. .ENVRIELKQRMEL...SEITLKWSLES. ..
WP_013909894.1/1-490 TLPGNK|IFH[I|G......I]JRGAVALSFAL YSIHFYPFIVFYHYQAKEWETK|YHT|II|PI ... .DEPERYLK[ERKSQ. . .YN.YINTLFEH. ..
WP_025306046.1/1-479 KLHNKERFH[IRA...... INGPVALAFA[T FIGISQKPFIVFYHY(Q. ...NNIYHPITV....ENVELElERKES...LE.KIEQHFQK. .
WP_012673583.1/1-486 .. .RNS|ILY[I[S...... L. SVASLGFLV IIGARKKVIVILHYQ. .. .G.EYRK[AIDMS. .KDPRIVIKENVKE. ..Y¥YS.IIQPESCN. ..
WP_075665150.1/1-480 .. .NNGIPH[IA...... IVGPVAMAMA|L LIGTHNKLIVFYHHQ|. . . .DGEYHRV|LDLT . .DNVBRIKVKISITED. ..YR.FVKYTVEG. . .
WP_012579496.1/1-479 .. .NRGIPHIA...... IMGPASFSMA|L LIGVONPLVVYHKAl. . . .GIEYKPVIIDLT. .DNVERIKVKINIVSD. .. YK.F[VKYSVEN. ..
WP_012057870.1/1-477 .. .NGG|IPH v e+ IJjVGPSAMAMA|IL IIGILONPLVIYHKQ. .. .D.EYYPVIIDLT. .DNLIAKITKINIKDS . . . YE. Y[LKYTTFD. . .
WP_064011104.1/1-498 .. .NSG|IPH[IA...... INGPAAFALG|L LIGAKDKLIVVYHYQ. .. .G.DYFPVLNLTTEQNLBILIKTVTRSKEMLQ . .ELTYEVLEYST
WP_011994539.1/1-477 .. .SSGIPHIS...... LINGPATFAMG|L IIGSTHLLAVYHFQ|. . . .G.EYHL[VLDLTEPENLKIKIIK|. . EQKNN.IR.F[LINYRIEG. ..
WP_031505214.1/1-492 .. .SGGV[PH «e++..JINGPASFAMA|L IVIGAKRRIAVYHYQ. .. .G.GYHLVILDLTGPEKLKIKALKREEE. LE.LLEYELLG. ..
SNR62895.1/1-506 .+ . NEK[LVELKKPVINLIICSESIISFV|I VIGTKKRV[VFHSYN|. . . .RGDNVYVPSMETDDSLISLDIFPGAEFC.GE.LIDYEYFISDK
KUK03000.1/1-477 ...SGGVPHLA...... IINGPSSFAMG|L IIGVKRKMAVYHYQ. . . .G. GﬂHLELDLTKPENLRgALKKEEE. LE.LLNYELID. ..
- 399 ** 409 41(? 429 13(.) 44? 459 46(.)
CCaCalpL/1-506 H.KNE|LGFII|Y[LGSHNPIG.ERKA|YCQKQLQINNF|LI|II|QARE .. NQGVME[TSQN L|Q) LN]. . T[R]RQE Y HWER I HLF|Q[T|ARIT]
SsCalpL/1-496 I.QDPLMI|IIY|LASHNPIE.KGLE|. LKEKLRAKGE|LIIIQSKE . .HQGN|LE[IGD. . S ID .DKQ. . . . KENYMV|F|S|AIEV|
WP_013886740.1/1-505 E.SEDRAIVIY[LASHNPKN.DAQK[YI[ESHLKCSLL[F|I|ICLENN. . .QGN|ID|JLINEDD .|W| A [VDEAGE|LIGKSIRKYH|FFMS|IiZV|
WP_013451723.1/1-502 D.SDE[LLV|SLY|[TASHNPVN.DAAKFAKEKLNCNMV[E[IRLKEQ. . .QGYLP|LDNEKIW S LITENIILDFKNVIKKYH[F I[FS[ViZ4V|
WP_012991049.1/1-486 R.DDR[LAVVIDLAHHTSIG. I|VKAYIDDGM. . .SL[LHV|IEHPH. . .K[GN|LKVEE R L|Qf. RTERDYKEF HF F|F|S(S)igV|
WP_013909894.1/1-490 N.GED[LAMVLNFGHHEAVA.D|VESYAFSHLNNP SF[L|VILIEAKE . . . K[GN|V|P|IES K IQ. RSQFSMKTYHFFF|S|ICigV]|
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WP_012579496.1/1-479 ENGKN|CAFF|I LY[FASHNPYD.AVKNFLSKNNIDSKLV|LIEPNF ..GK[GNLPRAED . S T|Q. QFKHSCENVF|FF|MSCigV]|
WP_012057870.1/1-477 E.GKD[CAY|VIY|[LASHNPFS.SVIKFLENNSLDSKI|I|LIEPIE. .NK[JGNL[SIDT. . .W S TS LYDNYCENVF|FF|LIS|ICiZV]|
WP_064011104.1/1-498 N.KRKRILAIELASHKLLS.SVKEYAKENISDGF I|IHVMPKNMEA S|GN|I[PLGD IIS T|Q. RTDFYYDELHIF|L|SIClgV]|
WP_011994539.1/1-477 T .GKRRAFIIQIIGSHDPYP.DRAKSYIQRHLPDTAI[V|HIRANS. . . SGN|LP|LIGN. A TIQf. . NTIKYILGYEEAS|YF|L|S|[IjZV|
WP_031505214.1/1-492 D.GEERAFVIHLASHDPLP.QVREFLKNR. .DVFIAYVIRSKQ. . .P[GMLK[IGD. . C T|Qf. KRRRAYRGASFF|L|SICigV]|
SNR62895.1/1-506 N.KNVILPVIIDMAPTITRIEYDVKEFLKKNRIENFIVIIKIIDRD . KIKNY|IPEDTNI .R| K L[N TFKKFSK.LWEFFMNLZV|
KUK03000.1/1-477 D.GEERAFVIHLASHDPLP.QVKEFLKGK. .DVLIV|Y[VRSKQ. . .PGVLRIIGD. .. C A KRKRAYRGASFF|LIS|ICIZV]
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Appendix 11. Potential catalytic residues interacting with cAs, As>p and Asp with indicated bond lengths.
c Ap

A ucleotide |

atom

K330' N A3 N3
S395 Oy A4 O1P 2.8A
S395 Oy A4 02 3.0A
S395N A4 O2P 3.1A
H396 N&1 A1 O2P 29A
R358' Nn1 A4 02 3.1A
R358' Nn2 A4 02 3.1A
K361’ NZ A4 O1P 3.2A
H476" Ne A2 02 2.7A

Nucleotide

Amino acid
atom atom
K330’ NZ A3 O2P
S395 Oy A4 02C 3.2A
S395 N A4 01C 2.6 A
H396 N1 A1 05 27A
H396 N A4 O1C 29A
R358' Nn1 A4 O2' 3.3A
K361’ NC A4 O2C 2.8 A
H476' Ne A2 02’ 25A
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Bond between

Amino acid | Nucleotide Bond
atom atom length
K330’ NZ A3 O2P 2.8A
S395 Oy A4 O3P 23A
S395 N A4 O3P 27A
H396 Nd1 A1 05 3.0A
H396 N A4 O1P 2.8A
R358' Nn1 A4 02 26A
R358' Nn2 A4 02' 3.3A
K361' NZ A4 O2P 3.1A
H476' Ne A2 02 2.7A
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