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INTRODUCTION

The battle between bacteria and the viruses that infect them called bacte-
riophages or phages is perhaps the longest-running clash between two of the
world’s largest “armies” in the history of life on Earth. The fierce coevolution
has resulted in prokaryotes evolving defence systems to defend themselves
against phages that both outnumber them and have higher rates of variability
(Mayo-Mufioz et al., 2023).

CRISPR-Cas systems are widespread in the prokaryotic defence arsenal,
providing adaptive protection against infecting nucleic acids (Makarova et al.,
2020b). These systems insert short fragments of foreign genetic material into
the CRISPR region of the genome (Barrangou et al., 2007). The genomic
memory of previous infections is utilized by producing individual short
CRISPR RNA (crRNA) molecules from CRISPR region transcript. crRNA
form effector complexes together with CRISPR-associated (Cas) proteins.
During subsequent infections crRNA guides effector complexes to foreign nu-
cleic acids which are specifically degraded by Cas nucleases (Wang et al.,
2022). CRISPR-Cas systems are characterised by a wide variety of effector
complexes which destroy foreign DNA, RNA or both (Makarova et al.,
2020b).

The Csm and Cmr complexes of type IIl CRISPR-Cas systems are acti-
vated upon recognition of foreign transcripts during infection and destroy both
the foreign RNA and the DNA that is being transcribed (Tamulaitis et al.,
2017). The DNase activity of complex signature protein Cas10 is upregulated
upon target RNA binding to the complex. Yet, while the RNA is destroyed
within seconds, the DNase activity of Casl0 persists for tens of minutes
(Kazlauskiene et al., 2016). These results were explained by a model suggest-
ing that prolonged retention of RNA cleavage products could keep Cas10 in
an activated state. Arousing curiosity, this model has yet to be verified.

Recently, it has been shown that activated Cas10 additionally produces
cyclic oligoadenylates (cOAs) from ATP which in turn activate ancillary ef-
fectors (Kazlauskiene et al., 2017; Niewoehner et al., 2017). This polymerase-
cyclase activity seems to be regulated in a similar fashion as the DNase activ-
ity (Kazlauskiene et al., 2017). Produced cOAs activate diverse CRISPR an-
cillary proteins of which the most widespread are dimeric proteins consisting
of cOA-binding CARF domain (forming nine major groups CARF1 to
CARF9) and an effector domain (Makarova et al., 2020a). Structures and
functions of several effector domains have been elucidated: the RNase activity
of CARF-fused HEPN domains (Garcia-Doval et al., 2020; Smalakyte et al.,
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2020), the DNase and RNase activities of restriction endonuclease-like effec-
tors (McMahon et al., 2020; Rostgl et al., 2021; Zhu et al., 2021) and mem-
brane depolarizing CARF-TM (Baca et al., 2024). However, the molecular
mechanisms of most other effector domains of CARF proteins remain to be
elucidated and can only be inferred by their sequence similarity to known pro-
teins.

A group of these effector domains shows homology to so-called mMRNA
interferases of the RelE superfamily (Makarova et al., 2020a). Standalone
RelE is a well characterized toxin from type Il toxin-antitoxin (TA) systems
and it is normally neutralized by antitoxin RelB (Li et al., 2009). However,
under nutrient deprivation, in presence of antibiotic agents and especially dur-
ing phage infection the RelB:RelE ratio may drop (Song and Wood, 2020).
Free RelE toxin binds to ribosomal A-site during translation elongation and
degrades the mRNA which results in ribosome stalling and translation inhibi-
tion (Christensen and Gerdes, 2003; Neubauer et al., 2009).

The presence of RelE domain in the context of dimeric CARF proteins is
both unusual, since this toxin acts as a single domain protein in TA systems,
and intriguing, because of the signal sensing function of CARF domain which
could add a layer of regulation. Based on sequence similarities CARF-RelE
proteins are termed here as CRISPR-Cas-associated mRNA interferases 1
(Camil).

The objects of this doctoral thesis are Streptococcus thermophilus
DGCC8004 type I1I-A CRISPR-Cas complex Csm (StCsm) and four Camil
proteins associated to type Ill CRISPR-Cas in different hosts. The goals are
to provide details into StCsm temporal regulation mechanism and to deter-
mine Camil functions in CRISPR-Cas defence. To achieve these goals, the
following objectives were undertaken:

1. To measure the retention time of terminal products upon RNA cleav-

age by StCsm and compare it to the duration of Cas10 DNase activity.

2. To analyse phylogenetic relationships between CARF7 group pro-
teins.

To identify Camil activator(s).

To determine the enzymatic activity of Camil effector domain.

To demonstrate Camil activity in live bacteria.

To provide details into Camil regulation and activity mechanism by
structural approaches.

Scientific novelty and practical value. Csm and Cmr complexes of
CRISPR-Cas type IlI-A and Il1-B systems, respectively, are well character-
ized both structurally and functionally with major findings being cross-

© g~ w
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verified among different homologs in published studies (Molina et al., 2020;
Stella and Marraffini, 2023; van Beljouw et al., 2022). This study in part
aimed to supplement the established model of Csm/Cmr effector complex reg-
ulation. While it is generally accepted that these complexes are activated by
target RNA binding resulting in the upregulation of DNase and polymerase-
cyclase activity of Cas10 subunit, its downregulation is less understood. Here,
fluorescence correlation spectroscopy (FCS) assays showed that despite rapid
RNA shredding, the terminal RNA cleavage products remain bound to the
complex for the mean duration of over an hour. Upon activation the DNase
activity of Cas10 also persists for a similar duration suggesting a functional
association between these two processes. This proposition is supported by pre-
vious observations that terminal RNA ends participate in Cas10 regulation by
allowing self vs. non-self discrimination in Csm/Cmr complexes (Li et al.,
2024). Corroboration of these findings allows to supplement type 111 CRISPR-
Cas regulation model by explaining how the effector complexes are inacti-
vated after infection subsides. When corroborated, these findings allow to ex-
plain how the type 111 CRISPR-Cas effector complexes are inactivated after
infection subsides.

CAREF protein sequence analysis provided in this thesis exemplifies how
the evolutionary trajectories of different prokaryotic defence systems con-
verge to yield new modes of molecular warfare. Phylogenetic sequence anal-
ysis shows that a mMRNA interferase toxin of TA systems was co-opted by type
I11 CRISPR-Cas signalling system on multiple occasions yielding a polyphy-
letic group of Camil ancillary effectors. Biochemical and in vivo toxicity as-
says showed that Camil inhibits the protein synthesis in a strictly regulated
fashion. CARF domain fusion to the toxic RelE domain provides the latter
with a molecular switch which is activated by cAs produced by Csm/Cmr
complex when it detects phage RNA in the cell. Ring nuclease activity of
CARF domain allows to cleave the activator.

Structural studies of Camil proteins revealed possible new functionality
of the translation machinery itself. We observed that Camil proteins are re-
cruited to the ribosomes via ribosomal stalk protein bL12. The interaction be-
tween bL12 and wHTH domain of Camil upon its activation proved to be
critical for mRNA interferase activity. Normally the stalk proteins interact
with the G domain of translation factors and closely related ribosome protect-
ing proteins to increase their local concentration (Liljas and Sanyal, 2018). To
our knowledge this is the first observation of a prokaryotic ribosome toxin
hijacking the ribosome stalk to facilitate binding to the ribosome.

12



Taken together, the results outlined here highlight stringent regulation
mechanism of prokaryotic defence systems — an important aspect to be ac-
counted for in the emerging era of antibiotic resistance of bacteria and their
control using phage treatment in medicine, agriculture and food industries.

The major findings presented for defence in this thesis:

1. S. thermophilus Csm complex retains terminal RNA cleavage prod-
ucts and keeps Cas10 DNase activated for extended period of time
after rapid RNA cleavage.

2. Camil proteins were formed upon CARF and RelE-like domain fu-
sion events during evolution.

3. Camil CARF domain binds and cleaves cAs.

4. Upon activation by cAs Camil proteins cleave ribosome-bound
mMRNA.

5. Activated Camil cleaves mRNAs during translation in live Esche-
richia coli bacteria.

6. wHTH domain of activated Camil proteins binds the C-terminal do-
main of ribosome stalk protein bL12.

13



1. LITERATURE OVERVIEW

It is generally accepted that the most abundant forms of life in the bio-
sphere are prokaryotic viruses, also known as bacteriophages or simply phages
(Parikka et al., 2017). Phages replicate and spread by infecting prokaryotic
hosts, often causing their death (Ofir and Sorek, 2018). Phages outnumber
their hosts in most biomes. For example, there are at least ten times more
phages than bacteria in the most biomass-rich ocean ecosystems (Parikka et
al., 2017).

Both the enormous scale of the struggle between bacteria and phages and
the evidence that many cellular life forms are inevitably linked to the viruses
that infect them suggest that this kind of coevolution between hosts and their
parasites plays a significant role in the history of life on Earth (Koonin, 2016).
The fierce coevolution results in a molecular arms race that has added a variety
of systems to the prokaryotic arsenal of defence which are well documented
(Dy et al., 2014; Labrie et al., 2010). It is noted that genes encoding defence
systems are often clustered in genomic regions termed defence islands.

Recent systematic analysis of prokaryotic genes associated with genomic
defence islands resulted in a great expansion of putative defence system list
with more than hundred new systems (Doron et al., 2018; Gao et al., 2020;
Millman et al., 2022; Payne et al., 2024; Vassallo et al., 2022). The antiviral
activity for most of these systems is demonstrated in vivo by infecting model
bacteria expressing candidate defence genes with various phages. Although in
vivo experiments show varying degrees of protection, the molecular mecha-
nism of defence can only be inferred from sequence or structural model com-
parisons of candidate systems and known proteins and only if characterized
homologs can be found. Therefore, more thorough in vitro studies are required
to decipher the underlying defence mechanisms. These results are promising,
as the natural self vs. non-self recognition of defence systems, especially at
the nucleic acid level, gives them great potential for applications in biotech-
nology and medicine.

1.1. CRISPR-Cas

CRISPR-Cas defence systems are detected in approximately 40% of bac-
terial and 85% of archaeal genomes (Makarova et al., 2020b). These protec-
tion systems are adaptive and preserve the records of past infections in the
genomic memory of prokaryotes. This information can be passed on from
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generation to generation and used by RNA-guided CRISPR-Cas nucleases
against foreign nucleic acids during secondary infections (Fig. 1.1).

The elements of the CRISPR-Cas system are encoded by the CRISPR-
Cas locus, which consists of the CRISPR region and the adjacent Cas protein
genes. The CRISPR region is characterized by a series of identical direct re-
peats of approximately 20-50 bp in length, specific to each CRISPR-Cas sys-
tem, which are separated by unique sequences of similar length termed “spac-
ers” (Mojica et al., 2000; Jansen et al., 2002). A subset of spacers correspond
to sequences of plasmids and phage genomes from which they likely origi-
nated; these are termed “protospacers” (Bolotin et al., 2005; Mojica et al.,
2005; Pourcel et al., 2005). The 5'-end of the CRISPR region contains leader
sequence in which the transcription of the CRISPR region is initiated (Pul et
al., 2010). The CRISPR transcript is matured to form individual crRNA
(CRISPR RNA) molecules. It is the crRNA that determines the specificity of
CRISPR-Cas system effectors for foreign nucleic acids (Brouns et al., 2008;
Hale et al., 2008).

Cas proteins are involved in all stages of CRISPR-Cas system protection.
The CRISPR-Cas system acquires its memory of the invader during adapta-
tion, during which a short fragment (protospacer) of the foreign nucleic acid
is taken up and inserted into the CRISPR region (Fig. 1.1A) (Lee and Sashital,
2022). A complex of conserved Casl and Cas2 proteins is responsible for the
integration of the foreign DNA into the CRISPR region, although other host
or Cas proteins may be additionally required in various CRISRP-Cas systems.
A new spacer is inserted after the leader sequence as duplication of the first
repeat occurs (Nufiez et al., 2015). This acquisition of spacers from previously
unencountered attackers is referred to as “naive” spacers acquisition (Yosef et
al., 2012). This is a rare event, since elevated activity of the adaptation com-
plex could lead to spacer acquisition from own genome and thus autoimmun-
ity (Wimmer and Beisel, 2019). According to the current model, naive spacer
acquisition is assisted by host proteins such as RecBCD complex which pro-
cessively degrades DNA from an exposed end after double strand break (Levy
etal., 2015). Also, other defence systems targeting nucleic acids could be pro-
vide DNA fragments to be processed by Cas1-Cas2 (Lee and Sashital, 2022).
A more efficient “primed” adaptation is also possible, in which spacers are
acquired to the CRISPR region from already known attackers (Amitai and
Sorek, 2016; Sternberg et al., 2016). Primed adaptation reduces the likelihood
of viruses escaping the CRISPR-Cas system by introducing a protective mu-
tation in the genomic promoter sequence. In some CRISPR-Cas systems, the
Casl protein is found fused to the reverse transcriptase domain, suggesting
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that in such systems the spacer could be inserted from RNA molecules, for
example, viral transcripts (Silas et al., 2016).

, ; "' ) Cas1-Cas2 4—‘
A adaptation =

e e 6me ¢ | TN

CRISPR array cas1 cas2 cas gene operon

v
B T, ? ®go 0
i i =j? J.:j? . ‘

crRNAs Cas proteins

C interference target DNA or RNA
recognition and
=S degradation

N

Cas-crRNA
effector complex

Fig. 1.1. General mechanism of CRISPR-Cas defence. (A) In the first phase, adap-
tation, a spacer is selected and integrated by the Cas1-Cas2 complex into the CRISPR
array. (B) During complex biogenesis the CRISPR region is being transcribed and
processed and matured crRNAs form effector complexes with Cas proteins. (C) Upon
reinfection Cas effector complexes seek out and destroy foreign DNA or its transcripts
in a sequence-specific manner guided by crRNA. Adapted from (Watson et al., 2021).

The CRISPR region is transcribed and processed to individual crRNA
molecules, which determine the specificity of the CRISPR-Cas systems (Fig.
1.1B). In general, the CRISPR region, starting from the promoters in AT-rich
part of the leader sequence, is transcribed into a long CRISPR transcript (Pul
et al., 2010). The repeat sequences of CRISPR transcript are cut by cellular
RNase 111 or Cas proteins such as Cas6 resulting in individual crRNA mole-
cules of ~60-80 nt in length (reviewed in (Charpentier et al., 2015)). Some
systems utilize trans-activating crRNAs (tracrRNAS) which are complemen-
tary to crRNA repeat sequences and form duplexes prone to cleavage in that
region (Deltcheva et al., 2011). Depending on the CRISPR-Cas system, these
RNAs function as the final form of crRNAs or they can be further shortened
by cellular ribonucleases before being incorporated into effector complexes
(Chou-Zheng and Hatoum-Aslan, 2022; Walker et al., 2017).
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Effector complexes formed from mature crRNA and Cas proteins recog-
nize the crRNA-complementary nucleic acids and destroy them during sec-
ondary infections (Fig 1.1C). These complexes are composed of either a single
Cas protein or a multisubunit complex bound to crRNA guide. They are very
diversified among different CRISPR-Cas types and subtypes and can act on
foreign DNA and/or RNA both directly and via ancillary effectors.

1.2. Classification of CRISPR-Cas

Due to extensive diversification, there are no genes universally shared by
all loci of CRISPR-Cas systems. Therefore, their classification is multi-
pronged and based on phylogenies of repeat sequences, Cas locus organization
and Cas protein families (Makarova et al., 2020b) (Fig. 1.2). These systems
are divided into two classes and seven types including a candidate type VII
CRISPR-Cas system (Altae-Tran et al., 2023). Class 1 consists of type I, IlI,
IV and VII systems, which are characterized by defence effector complexes
formed of multiple protein subunits. Class 2 includes type Il, V and VI sys-
tems which utilize effector complexes formed of a single multidomain Cas
protein bound to crRNA. Each type is further divided into multiple subtypes
based on ancillary effector recruitment, cas gene composition and their phy-
logeny.

Core elements of CRISPR-Cas include a CRISPR region, an adaptation
module composed of Casl and Cas2 with associated proteins or fused do-
mains, RNases processing CRISPR transcript (such as Cas6 in class 1 sys-
tems) and interference module proteins (Fig. 1.2). Yet these elements can be
dispensable and thus absent in some of the CRISPR-Cas loci. For example,
plasmid-encoded type IV systems often lack the CRISPR region and adapta-
tion module, but their effector complexes can be loaded with crRNA guides
from type I loci encoded in host chromosome (Pinilla-Redondo et al., 2020).
Great variation among interference module proteins forming effector com-
plexes is also observed. For example, Cas7 family proteins that bind crRNA-
target duplex and form the backbone of all class 1 effector complexes (Jackson
and Wiedenheft, 2015) are very diverged. While type | and IV complexes
show affinity to DNA, type 11l and VI complexes target RNA. Moreso, Cas7
family protein Csm3 of subtypes I11-A (Tamulaitis et al., 2014) and 111-B
(Staals et al., 2013) systems, respectively, cleave bound RNAs, while Cas7
proteins of | and 1V type systems are inactive.
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Fig. 1.2. Two classes and seven types of CRISPR-Cas systems. Rounded rectangles
of different colours depict proteins or protein domains which participate in different
states of CRISPR-Cas biogenesis and defence including the signalling pathway ele-
ments unique to type Il systems. Names correspond to current nomenclature of pro-
tein families. Systems in which effector complexes are targeting RNA are marked
with red asterisks. Proteins which are dispensable or absent in some subtypes or var-
iants are marked with a dashed outline. SS — small subunit protein of Cas11 family,
RT — reverse transcriptase, RIII — RNase I11. Adapted from (Makarova et al., 2020b).

A recent exhaustive survey of rare CRISPR-Cas systems discovered var-
iants in which nucleolytic or other enzymatic domains are fused to interfer-
ence module proteins marking CRISPR-Cas diversity (Altae-Tran et al.,
2023). This study also unveiled a novel type VII CRISPR-Cas system which
forms a multisubunit complex from Cas5 and several copies of Cas7 proteins
bound to crRNA (Yang et al., 2024). Upon target RNA binding this complex
recruits Cas14 which acts as an RNase to cleave the bound RNA (Altae-Tran
etal., 2023; Yang et al., 2024).

Adding to the differentiation and versatility of CRISPR-Cas systems var-
ious ancillary genes are often associated with loci of certain systems (Shma-
kov et al., 2018) (Fig. 1.2).

1.3. Type lll CRISPR-Cas

Type Il CRISPR-Cas include six subtypes I11-A to I11-F (Fig. 1.3). These
systems are present in both bacteria and archaea are thought to represent evo-
lutionary ancestors of other CRISPR-Cas types (Makarova et al., 2020b).

Many type Il systems lack CRISPR region and accompanying adapta-
tion module genes (Makarova et al., 2020b). It is demonstrated that type I11-B
complexes from Pyrococcus furiosus (Majumdar et al.,, 2015) and
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Marinomonas mediterranea (Silas et al., 2017a) use crRNAS originating from
CRISPR regions adjacent to type | systems co-occurring in host genome. Cas6
protein which cleaves CRIPSR transcript into individual crRNAs is also dis-
pensable in some type Ill systems (Makarova et al., 2020b). Phylogenetic
analysis of type 111 systems which have CRISPR-cas1-cas2 module present in
the same loci suggest that the association between adaptation and interference
modules is mostly sporadic in the evolutionary timescales. The phylogenies
of Casl and signature type Il Cas proteins do not match and mutually homol-
ogous Cas1-Cas2 dyads can adopted by different subtypes (Silas etal., 2017b).
~8% of bacterial type 111 systems encode Casl proteins fused to reverse tran-
scriptase enabling them to directly obtain spacers from foreign RNA (Silas et
al., 2016). Moreso, some of these proteins are additionally fused to a domain
resembling Cas6 as exemplified by M. mediterranea Cas6-RT-Casl protein
which performs in both adaptation and crRNA biogenesis stages (Mohr et al.,
2018). RNA recording by RT-Cas1 into minimal CRISPR region was utilized
to track fluctuations in gut bacteria transcriptome under different diet regimes
or inflation in the host organism (Choi et al., 2022).

Effector complexes of type 1l CRISPR-Cas are formed of several subu-
nits which belong to Cas10 (large subunit), Cas5, Cas7 and Cas11 (small sub-
unit) protein families (Makarova et al., 2020b) (Fig. 1.3). Type IlI-E systems
are unique since these effector complexes consist of Cas11 fused to four cop-
ies of Cas7 proteins forming one large effector protein (Cas11-7 or gRAMP)
mimicking class 2 systems (Ozcan et al., 2021; van Beljouw et al., 2021).
These systems are devoid of Cas10 protein. Conversely, Cas10 is stably asso-
ciated with other type 111 systems and forms monophyletic groups for each of
the subtype (Wiegand et al., 2023). Sequence analysis of Cas10 homologs
show that two enzymatically active domains are common for this protein fam-
ily: a N-terminal DNase HD domain and polymerase-cyclase Palm domain
forming the bilobed core of the protein (Cocozaki et al., 2012; Zhu and Ye,
2012a). Yet some homologs are truncated and devoid of HD (most variants of
type 111-D, some of I11-B) while Palm domain is mostly inactivated in type
I11-C and I11-F subtypes (Fig. 1.3) (Wiegand et al., 2023). A similar protein
Cas10d is signature of type I-D systems in which it also acts as the large sub-
unit of the effector complex. Yet, Cas10d is formed of a diverged HD domain
fused to inactivated Palm core (Lin et al., 2020; McBride et al., 2020) and is
believed to be the evolutionary intermediate between Casl10 and the typical
large subunit Cas8 of type | systems (Makarova et al., 2020b). C-terminal do-
mains of type Il Cas10 proteins and Cas10d are structurally similar to small
subunits Cas11 with cas10d gene giving rise to both large and small subunits
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utilizing alternative translation start sites (McBride et al., 2020) whereas in
type 111 systems small subunits are encoded separately with the exception of
I11-E subtype.

-A Ao ---
caséb cas10 cas1! cas7 cash cas7 cas1 cas2 CRISPR
csm2 c¢sm3 csm4  csmd
-8 [z8] palm(+) D m,
cas7 cas10 casd cas/7 casll cas6 cas7 carf
cmrl cmr3  cmrd  cmr5 cmré

mn-c [5[) palm(-) [ )
cas7 cas7 cas10 cas7 casl1 casbd

cmri  cmir6 cmr4d cmr5 cmr3
-D
cas10 cas/ casb cas1l cas/ cas/ c¢sx19 cas/ carf
csm4 csm2 all1473
i [ — e e [
TPR + casi1 + cas7 x 4 cast cas2 CRISPR
caspase cas7-11 (QRAMP)

-F [AOIZe] )
cas10 casb cas11 cas7
csm3

Fig. 1.3. Subtypes of type 111 CRISPR-Cas. Consensus CRISPR-Cas loci of sub-
types I11-A to I1I-F are presented with homologous genes color-coded and identified
by a family name (upper) and conventional name (lower). Most I11-B, 111-C, I11-D and
I11-F systems lack adjacent CRISPR region and adaptation module which are not
shown. Genes encoding proteins of the interference complex are indicated with back-
ground shade. The most common variants of cas10 gene in different subtypes are
depicted by indicating the presence or absence of ssDNase HD domain and the puta-
tive activity of polymerase-cyclase Palm domain with “(+)” and “(-)” indicating intact
or mutated active site, respectively, as presented in (Wiegand et al., 2023). RT — re-
verse transcriptase, TPR — tetratricopeptide repeat. The figure is adapted from
(Makarova et al., 2020b).

Type HI-A, 111-B and 111-D systems on average have more than two an-
cillary genes present it their loci with most of them related to CARF (CRISPR-
associated Rossmann fold) superfamily (Makarova et al., 2020a, 2020b).
These proteins are not included in the effector complex. Instead, CARF and
related SAVED domains are often fused to various toxic domains such as
RNases, DNases, transmembrane helices, and others (Makarova et al., 2020a).
During infection these proteins provide a secondary line of defence when ac-
tivated via specific signalling pathway which will be covered in detail further
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(Kazlauskiene et al., 2017; Makarova et al., 2020a; Niewoehner et al., 2017;
Stella and Marraffini, 2023).

1.3.1.Biogenesis and structure of effector complexes

Effector complex biogenesis and structure is best studied for type I11-A
and 111-B CRISPR-Cas systems which form effector complexes called Csm
and Cmr, respectively. These complexes are formed of several protein subu-
nits bound to a crRNA molecule. While most type I11-A systems encode crR-
NAs in the CRISPR regions adjacent to cas gene locus, this association is
exceptional in type I11-B loci (Makarova et al., 2020b).

Type 111 crRNA undergoes a two-step maturation process (Fig. 1.4A).
First the CRISPR transcript is cleaved by Cas6 proteins at the stem loop sec-
ondary structures formed due to partial self-complementarity of repeat se-
guences (Carte et al., 2008; Hatoum-Aslan et al., 2014). Cas6 cleavage yields
~70 nt individual crRNAs with remnants of repeat sequences flanking the
spacer sequence. The 3'-repeat flank is further trimmed by host 3'-5" exonu-
cleases (Hale et al., 2008; Hatoum-Aslan et al., 2011). In Staphylococcus ep-
idermidis I11-A system crRNA is trimmed by endogenous PNPase (Walker et
al., 2017) and RNase R (Chou-Zheng and Hatoum-Aslan, 2022) which are
associated with RNA degradosomes regulating mRNA decay (Tejada-Arranz
et al., 2020). crRNA also undergoes trimming when type I11-A effector com-
plexes from S. epidermidis, Thermococcus onnurineus, Lactococcus lactis,
Streptococcus thermophilus or Mycobacterium tuberculosis are expressed in
heterologous Escherichia coli host (Hatoum-Aslan et al., 2013; Jia et al.,
2019b; Sridhara et al., 2022; Tamulaitis et al., 2014; Zhang et al., 2024). A
recent report presents another candidate maturation RNase of NYN family
which putatively trims crRNA in Bacteroides fragilis (Chi and White, 2024).
The matured crRNA of type 11 effector complexes is ~40 nt in size with 8 nt
of 5'-tag part of repeat origin and the guiding part originating from variable
spacers.

It is thought that crRNA undergoes 3'-end trimming during the assembly
of effector complex (Chou-Zheng and Hatoum-Aslan, 2022; Mogila et al.,
2019) (Fig. 1.4A). While not investigated directly, it is supported by several
observations. In S. epidermidis type I11-A Csm complex (SeCsm) final crRNA
length is determined by the number of backbone Csm3 subunits each covering
6 nt of spacer sequence (Hatoum-Aslan et al., 2013). Moreso, the genetic de-
letion of Csm5 subunit, which is normally present in WT complexes, disrupts
crRNA maturation entirely yielding complexes with intermediate 71 nt
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crRNA (Hatoum-Aslan et al., 2014). Similar results were also observed for S.
thermophilus Csm (StCsm) complex in which Csm5 omission yields mutant
complexes with Cas6 bound to intermediate 72 nt crRNA (Mogila et al.,
2019). Moreso, the Csm5 subunit is shown to be critical for PNPase and
RNase R recruitment for crRNA 3'-trimming in SeCsm (Chou-Zheng and Ha-
toum-Aslan, 2022; Walker et al., 2017).
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Fig. 1.4. Biogenesis and structure of type 111 CRISPR-Cas effector complex. (A)
Scheme showing biogenesis of crRNA and Csm complex assembly. CRISPR tran-
script is cleaved by Cas6 which is retained at short hairpin structures formed by pal-
indromic repeat sequences. Csm subunit assembly and 3'-trimming by non-Cas
RNases occurs simultaneously yielding maturated complex. Figure was adapted from
(Chou-Zheng and Hatoum-Aslan, 2022; Mogila et al., 2019). (B) Cryo-EM structure
of L. lactis Csm (LICsm) complex (PDB: 6XN3).

The 111-A and 111-B system-specific effector complexes consist of pro-
teins homologous between these subtypes, Cas10 (or Csm1/Cmr2 for type IlI-
A/llI-B), Csm2/Cmr5 of Casll family, Csm3/Cmr4 of Cas7 family,
Csm4/Cmr3 of Cas5 family, Csm5/Cmr1-Cmr6 of Cas7 family, respectively,
and the crRNAs bound to these proteins (Tamulaitis et al., 2017). Although
the ribonuclease Cas6 is involved in the biogenesis of crRNAs in these com-
plexes, this protein is not found in WT Csm and Cmr complexes.

Both Csm and Cmr complexes are well characterized by structural stud-
ies (Guo et al., 2019; Huo et al., 2018; Jia et al., 2019b; Osawa et al., 2015;
Sofos et al., 2020; Sridhara et al., 2022; Taylor et al., 2015; You et al., 2019;
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Zhang et al., 2024) (Fig. 1.4B). The 8 nt crRNA 5'-tag is bound by the Csm4
(only type I11-A subunits are listed onwards) protein in the Csm complexes.
Csm4 interacts with the large subunit Cas10 with crRNA 5'-tag located near
this interaction surface. The crRNA spacer sequence is bound by a filament
consisting of several copies of Csm3 subunits, covered by a parallel filament
formed by Csm2 small subunits in one-to-one fashion. Cas10-promixal Csm3
subunit is covered by C-terminal domain of Cas10. Each Csm3 subunit binds
six nucleotides of crRNA spacer sequence. The Casl0-distal 3'-end of the
crRNA is bound by the Csm5 subunit in Csm complexes. The Cas10-distal
part of Cmr complexes is different and formed by a heterodimer of Cmrl and
Cmr6 proteins bound to the 3'-end of the crRNA (Sofos et al., 2020).

It is observed that the number of Csm3/Cmr4 subunits differ in Csm/Cmr
complexes of different hosts and could range from two in Thermococcus on-
nurineus Csm (Jia et al., 2019b) to six in Mycobacter tuberculosis Csm (Zhang
et al., 2024). The length of bound crRNA varies accordingly with 27 nt in
ToCsm and 46 nt in MtCsm structures. This variation can be explained by
dynamic crRNA maturation mechanism involving both complex assembly
and 3'-end trimming (Fig. 1.4A).

HD domain Palm1 linker-ZnF Palm2 Cas11-like

Fig. 1.5. Cas10 structure. Cryo-EM Cas10 protein structure of LICsm complex
(PDB: 6XN3). Cas10 protein domains are coloured according to the protein chain
scheme depicted below. Conserved HD and GGDD residues are shown as spheres.
ZnF — zinc finger structure.
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Structural studies of the large subunit Cas10 have revealed that it is com-
posed of five distinct domains: N-terminal HD, polymerase-like Palm1 and
Palm2 with zinc-finger insertion and the C-terminal domain adopting Cas11
small subunit fold (Cocozaki et al., 2012; Jung et al., 2015; Venclovas, 2016)
(Fig. 1.5). The conserved Palm domains form a pseudosymmetric dimer and
feature a B-loop-P structure and GGDD motif conserved in non-Cas nucleotide
cyclases (Cocozaki et al., 2012; Jung et al., 2015; Zhu and Ye, 2012b). C-ter-
minal Casll-like domain is the first member of Csm2/Cmr5 filament in
Csm/Cmr complexes (Osawa et al., 2015; You et al., 2019).

1.3.2.Defence mechanism

Type IlI-A and 111-B effector complexes stand out from other CRISPR-
Cas effectors because they destroy both the DNA and RNA during infection
(Tamulaitis et al., 2017; van Beljouw et al., 2022). (Fig. 1.6A). Both Csm and
Cmr complexes specifically bind to the sSRNA target which is complementary
to the spacer sequence of crRNA. In Csm complexes the Csm5 subunit binds
RNA molecules in non-specific fashion (Mogila et al., 2019) while in Cmr
complexes the Cmr6 and Cmr1 subunits are critical for RNA binding (Hale et
al., 2014). These interactions allow type Il complex to scan potential targets
for complementarity with the seed region located at the Cas10-distal part of
CrRNA (Steens et al., 2021; You et al., 2019).

Upon target RNA binding HD and Palm domains of Cas10 subunit are
activated (Fig. 1.6A). HD domain has a DNase activity specific for single-
stranded DNA (Elmore et al., 2016; Estrella et al., 2016; Kazlauskiene et al.,
2016; T. Y. Liu et al., 2017; Samai et al., 2015). According to the current
model, during the foreign gene expression Cas10 subunit degrades the DNA
strand displaced by RNA polymerase with the RNA transcript targeted by the
Csm/Cmr complex acting as a tether (Samai et al., 2015; Tamulaitis et al.,
2017). Alternative ssDNA targets could be single-stranded intermediates of
DNA replication in some plasmids and phages or R-loops (Liu et al., 2019).
Palm domains possess polymerase-cyclase activity and produce cyclic oli-
goadenylates (cOA) from ATP when triggered (Kazlauskiene et al., 2017;
Niewoehner et al., 2017). These unique signalling molecules in turn activate
associated CARF and SAVED family proteins causing infected cell dormancy
or death as overviewed further in Chapter 1.4. Reinforcement by cOA signal-
ling pathway is critical when the production of target RNA is low or delayed
during infection (Jiang et al., 2016; Rostgl and Marraffini, 2019).
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Fig. 1.6. Defensive mechanism of type 11l CRISPR-Cas. (A) Csm complex activa-
tion upon binding crRNA-complementary foreign transcript. HD domain of Cas10
cleaves DNA strand displaced by RNA polymerase while Palm domain converts ATP
to cOA for ancillary effector activation. RNA target is cleaved by Csm3 proteins in 6
nt increments (red arrowheads). Figure was prepared according to (van Beljouw et al.,
2022). RNAP — RNA polymerase. (B) Fragment of crRNA:target duplex in LICsm
complex (PDB: 6XN3). crRNA (5'-tag — black, spacer — blue) and substrate (salmon
and red) nucleotides are numerated with positive indices corresponding to variable
spacer and its cognate target sequence. Base pairs flipped by Csm3 “thumb” structure
are indicated. Scissile phosphodiester bonds are marked with dashed lines. (C) Com-
posite active centre of StCsm formed by Csm3 and Csm2 proteins (PDB: 61G0). Mu-
tated D33N active site residue of Csm3 is indicated and underlined. Scissile P-5'O
bond between 17th and 18th nucleotides in the target is marked with a dashed line.

The RNA is cleaved at several sites 6 nt apart by Csm3/Cmr4 subunits
(Staals et al., 2014, 2013; Tamulaitis et al., 2014) (Fig. 1.6A). The crRNA:tar-
get hybrid is distorted and unwound by the Csm3/Cmr4 “thumb” structure at
every sixth nucleotide (Fig. 1.6B) placing the scissile phosphodiester bond
near the composite RNase active centre formed by Csm3/Cmr4 and
Csm2/Cmr5 (Guo et al., 2019; Jia et al., 2019b; Mogila et al., 2019; Osawa et
al., 2015; Sofos et al., 2020; You et al., 2019; Zhang et al., 2024) (Fig 1.6C).
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Cmr4 of PfCmr complex hydrolyses P-5'0 bond leaving products with 5’-OH
and 3'-phosphate or 2'3'-cyclic phosphate ends (Hale et al., 2009). Divalent
metal cofactors are required for all three (DNase, polymerase-cyclase, RNase)
activities. Upon RNA cleavage and dissociation Cas10 returns to deactivated
state (Kazlauskiene et al., 2016, 2017).

Type Il complexes have been observed to tolerate multi-nucleotide mis-
matches between target and crRNA allowing to suppress immunity escape due
to mutations in the target sequence (Maniv et al., 2016; Pyenson et al., 2017).
Yet the Cas10-proximal part of the target is found to be more susceptible and
single nucleotide mutations in this region do not permit Cas10 activation (Guo
etal., 2019; Steens et al., 2021).

In addition to Csm3 and Cas10, housekeeping RNase J2, RNase R and
PNPase are shown to assist S. epidermidis type Il1-A system in destroying
foreign nucleic acids (Chou-Zheng and Hatoum-Aslan, 2019, 2022).

1.3.3.Regulation of effector complexes

It has been observed that in some CRISPR-Cas systems, antisense tran-
scription of the CRISPR region occurs to form crRNA complementary tran-
scripts (Lillestal et al., 2006). Yet, type 11l CRISPR-Cas does not cause self-
immunity when antisense transcripts are produced in vivo in S. epidermidis
(Marraffini and Sontheimer, 2010). Later studies revealed that Cas10 subunits
of type I11-A and I11-B effectors are inhibited when the targeted transcript is
complementary to the 8 nt 5'-tag sequence of the crRNA despite a perfect
match with the spacer part (EImore et al., 2016; Kazlauskiene et al., 2016; Li
et al., 2024; T. Y. Liu et al., 2017; Wang et al., 2018) (Fig. 1.7A). 5'-tag of
crRNA is derived from the repeat sequence specific to each CRISPR region
(Section 1.3.1). This means that upstream transcripts of the CRISPR region
are fully complementary to the crRNA 5'-tag sequence and thus inhibit Cas10
activity while viral transcripts that are not complementary to 5'-tag activate
Casl10 (Tamulaitis et al., 2017). Nevertheless, antisense transcripts are readily
degraded by effector complex RNases (Estrella et al., 2016; Kazlauskiene et
al., 2016). The 3'-part of targeted RNA which is adjacent to the sequence tar-
geted by the spacer and for which the complementarity with 5’-tag is checked
in the complex is termed protospacer flanking sequence (PFS).

Structural studies of type 111-A StCsm complexes bound to either cognate
(PFS not matching 5'-tag) or non-cognate (PFS matching 5'-tag) substrates
allows to compare activated and repressed states and provide insights into how
activating signal is transferred to Cas10 upon RNA binding (You et al., 2019).
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Between Csm4 and Cas10 proteins a four nucleotide (-5 to -2) stretch of 5'-
tag is exposed to the surface (Fig. 1.7B). If the respective part of PFS is com-
plementary and hybridizes to this 4 nt stretch, the Cas10 is not activated while
the RNA is degraded. Differently, when PFS of the substrate is not comple-
mentary to 5'-tag it binds the positively charged groove between linker-ZnF
and Palm1 parts of Cas10 (Fig. 1.7C, see also Fig. 1.5). PFS-Cas10 interaction
drives subtle conformation changes and activation of HD and Palm domains
while the mutations in this Cas10 groove disrupt both activities (You et al.,
2019). Such activation mode of Csm complex is also supported by single mol-
ecule fluorescence studies which show that 3'-flanking part of a cognate sub-
strate is arranged in the vicinity of Cas10 Palm domain while non-cognate
substrate does not interact with it (Wang et al., 2018).

Structural studies investigating the regulation of type 111-B Cmr com-
plexes also show that Cas10 activity depends on PFS complementarity to 5'-
tag of crRNA (Sofos et al., 2020). Differently from StCsm complex, in which
the binding of cognate or non-cognate substrates causes distinct conforma-
tional rearrangements of regulatory linker-ZnF motif of Cas10 protein (You
et al., 2019), the regulatory function in S. islandicus Cmr-f3 complex is at-
tributed to an extended loop of Cmr3 protein (which is a homolog of Csm4)
named the stalk loop (Sofos et al., 2020). Stalk loop interacts with the ZnF
and Palm2 domains of Cas10 protein and is located between 5'-tag of crRNA
and PFS of an RNA substrate. It adopts a rigid “retracted” conformation upon
complex binding to an inhibitory non-cognate substrate and becomes flexible
when bound to a cognate substrate. This causes subsequent conformational
changes in HD and Palm domains permitting ssDNase and polymer-
ase-cyclase activities (Sofos et al., 2020). ATP and ssDNA binding can stabi-
lize the stalk loop in the “extended” conformation (Sofos et al., 2020). The
PFS part of the substrate is not resolved in S. islandicus Cmr-f structural stud-
ies suggesting that it is more flexible compared to StCsm as Cmr-$ does not
have a positively charged groove between ZnF and Palm1 domains (Sofos et
al., 2020).

As overviewed in section 1.3.2, type Il effector activity is temporally
controlled by RNA substrate degradation by Csm3/Cmr4. However, in vitro
biochemical studies of StCsm show discrepancy between RNA hydrolysis rate
and the duration of Cas10 DNase and polymerase-cyclase activity: while cog-
nate RNA is degraded in seconds, the Cas10 remains activated for tens of
minutes (Kazlauskiene et al., 2017, 2016). It is speculated that Cas10 remains
in an activated state due to the slow dissociation of RNA cleavage products
(Kazlauskiene et al., 2016). If this is the case, it does not hinder the rapid
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RNase turnover by StCsm when RNA is provided in excess (Kazlauskiene et
al., 2016). To corroborate these observations, the temporal control mechanism
of the type Il CRISPR-Cas defence needs to be addressed directly.

A cognate RNA substrate non-cognate RNA substrate

Fig. 1.7. Self vs. non-self RNA discrimination in Csm complex. (A) Scheme de-
picting Csm complex regulation by either cognate or non-cognate substrate binding.
PFS (salmon) of cognate substrate is not complementary to 5’-tag (black) of crRNA
and such substrate binding activates Csm whereas PFS of non-cognate substrate, such
as antisense CRISPR transcript, hybridization with 5’-tag inhibits Csm. RNA is
cleaved by Csma3 in both cases. (B) Structures of StCsm complexes bound to cognate
(left; PDB: 61G0) or non-cognate (right; PDB: 61FL) RNA substrates. crRNA and
RNA substrates are coloured as in (A), and nucleotides are numbered as in Fig. 1.6B.
Csm4 and Cas10 proteins with Cas10 domains are indicated; linker-ZnF structure is
not fully resolved in non-cognate complex structure suggesting flexibility. (C) Struc-
tures of (B) with protein surfaces coloured according to electrostatic potential (posi-
tive — blue, negative — red).
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1.3.4.Anti-CRISPR

Anti-CRISPR (acr) proteins are natural inhibitors of CRISPR-Cas sys-
tems. Found present in phage genomes, these small proteins disrupt CRISPR-
Cas effector complex formation, target binding or cleavage often by mimick-
ing nucleic acids (Davidson et al., 2020).

While most research has been done on acrs which suppress DNA-target-
ing CRISPR-Cas, there are known three families of acrs which interfere with
type 11l CRISPR-Cas defence. AcrllIB1 and AcrllIB2 proteins were found in
the genomes of phages infecting archaea of Sulfolobacea family and during
infection they bind to and deactivate type I11-B Cmr complex allowing phage
to propagate (Bhoobalan-Chitty et al., 2019; Lin et al., 2023; Liu et al., 2023).
AcrllIB1 binds to Cmr complex and disrupts cOA production and subsequent
CARF protein activation (Bhoobalan-Chitty et al., 2019). AcrllIB2 binds
Cmr4 protein in Cmr complex and traps RNA cleavage products thus blocking
their dissociation and complex reactivation under excess of target transcripts
(Linetal., 2023; Liu et al., 2023).

While no acrs directly targeting type I111-A systems are described, a uni-
versal inhibitor of cOA-producing type Il systems Acrlll-1 is characterized
to cleave cOA signalling molecules (Athukoralage et al., 2020). cOA signal-
ling pathway is important when type Il CRISPR-Cas targets late or lowly
expressed phage genes (Jiang et al., 2016; Rostel and Marraffini, 2019) thus
efficient ring nuclease activity of Acrlll-1 helps phages to circumvent the de-
fence in such cases.

1.4. Ancillary CARF effectors

As presented previously, effector complexes of three CRISPR-Cas sub-
types I1I-A, 111-B and 111-D utilize Cas10 proteins with active Palm domains
(Fig. 1.3). When a complex of this group binds to a foreign transcript during
infection, its Palm domain starts to produce cOA signalling molecules from
ATP (Kazlauskiene et al., 2017; Niewoehner et al., 2017). Cas10 proteins pro-
duce either three-, four- or six-membered cOAs (CAs, CA4 or CAg) in which
AMP moieties are connected by canonical 3'-5' phosphodiester bonds
(Gruschow et al., 2021; Kazlauskiene et al., 2017; Rouillon et al., 2018). The
size of produced cOA depends on the number of adenine base binding pockets
conserved in Palm2 domain (Goswami et al., 2024).

cOA s activate ancillary effector proteins which mostly come from CARF
or related SAVED families (Makarova et al., 2014, 2020a). These proteins are
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often encoded in the vicinity of type Il CRISPR-Cas loci. CARF and SAVED
domains in these proteins mostly are fused to other effector domains such as
RNases, DNases, proteases, transmembrane helices and others (Makarova et
al., 2020a). Ancillary proteins are expressed in inactive form and upon spe-
cific cOA binding to CARF or SAVED domain the fused effector is activated.
Due to the nature of effector domains, they are toxic to the host cell. For ex-
ample, non-specific RNases and DNases degrade, respectively, transcriptome
and genome of the cell (Jia et al., 2019a; Rostel et al., 2021; Smalakyte et al.,
2020) (Fig. 1.8) while transmembrane segments cause membrane puncturing
(Baca et al., 2024; Tak et al., 2023). Such effects cause dormancy or even
death of the infected cell reducing viral spread in the population (Stella and
Marraffini, 2023). The notion that cOA signalling provides immunity at pop-
ulation level is supported by several observations of CRISPR-Cas systems
themselves (including type 111) being upregulated in high cell density condi-
tions via well-known quorum sensing pathways (Hgyland-Kroghsbo et al.,
2017; Patterson et al., 2016).

Cyclic oligonucleotides are also utilized by a different defence system
CBASS (cyclic-oligonucleotide-based antiphage signalling system). Two
core proteins of CBASS are a CD-NTase (cGAS/DncV-like nucleotidyltrans-
ferase) which senses infection and produces cyclic oligonucleotides and an
effector protein causing infected cell dormancy or death upon signal binding
(Millman et al., 2020). CBASS CD-NTases synthesize diverse cyclic di- and
trinucleotides such as cyclic cGAMP, cyclic UMP-AMP, cyclic UMP-UMP
and cyclic AMP-AMP-GMP (Whiteley et al., 2019). In 30% of CBASS sys-
tems these signalling molecules are sensed by CBASS-specific SAVED pro-
teins fused to toxic effectors (Burroughs et al., 2015).

Csx1/Csm6 Can1
RNase DNase
CAs
% Csm6
“% -
¢ \

Csa3 -,
transcription ot Card1/Can2
regulator @QRN&% and
DNase
Fig. 1.8. Examples of CARF nucleases regulated by different cOAs. CARF pro-
teins are often found fused to effector domains with RNase and DNase activities or
DNA binding HTH domains. Different CARF domains correspond to cOAs of differ-

ent ring size with cA4 and cAs being the most common activators. Adapted from
(Athukoralage and White, 2021). See also Table 1.1.
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1.4.1.Classification of CARF effectors

CARF domains adopt a common tertiary structure termed Rossmann fold
composed of a beta sheet of parallel strands sandwiched by alpha helices
(Makarova et al., 2014). CARF domains form symmetrical dimers whereas
the related SAVED domains are monomeric with double CARF-like struc-
tures in a single chain that arranges in pseudosymmetric fashion (Lowey et al.,
2020; Makarova et al., 2020a). CARF proteins are found in bacteria and ar-
chaea while SAVED proteins are mostly bacterial (Makarova et al., 2020a).

A recent classification of CARF (and SAVED) proteins placed them in
different groups (10 major and 13 minor of CARF proteins) based on full
length sequence alignments (Makarova et al., 2020a) (Table 1.1). Despite such
an approach CARF proteins with different fused effectors were often found in
the same group while for some effectors, such as HEPN RNase, CARF-HEPN
fusions were spread over several groups. Such distribution suggests a dynamic
evolution of CARF proteins diversified by multiple fusions with effector do-
mains (Makarova et al., 2020a).

A diverged CARF domain is also present in a widespread transcription
regulator RtcR which presumably responds to tRNA fragments and controls
the expression of RNA repair genes unrelated to CRISPR-Cas (Chen and
Wolin, 2023; Kotta-Loizou et al., 2022).

Beyond CARF and SAVED effectors there are ancillary proteins related
to type 111 CRISPR-Cas which also can be activated by signalling molecules
synthesized by Cas10 protein. One such example is trimeric NucC DNase
which binds cAs at the interface of subunits and forms an active hexamer
(Gruschow et al., 2021). A recent discovery of type 111 system producing not
cOA, but SAM-AMP signalling molecules which active transmembrane ef-
fectors (Chi et al., 2023) exemplify the diversity and versatility of type IlI
systems and their ancillary effectors.

Table 1.1. Major groups of non-redundant CARF proteins. Table is based on
CAREF protein classification data presented in (Makarova et al., 2020a).

Group Size (%, ex- Main effector do- CRISPR- Representative
cluding RtcR) mains (activities) Cas link proteins
TtCsx1 (Csm6) (Nie-
woehner and Jinek, 2016),
CARF1 329 (14%) HEPN (RNase) I1I-A StCsm6 (Smalakyte et al.,
2020), EiCsm6 (Garcia-
Doval et al., 2020)
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HEPN (RNase), " MpCsx1 (Samolygo et al.,
mCpol (polymerase) 2020)
wHTH (DNA bind-
ing)
PD-(D/E)XK (nucle-
ase), AAA (ATPase)

CARF2 239 (10%)

CARF3 436 (19%) | SiCsa3 (T. Liu et al., 2017)

TtCanl (McMahon et al.,
partial 2020), TsCan2 (Card1)
(Rostal et al., 2021)
CARF5 128 (6%) ADA (deaminase) 11| -
CARF6 167 (1%)  “cnne/threonine :
protein kinase

RelE (RNase), HD

CARF4 400 (18%)

(phosphodiesterase), SsCrnl (Athukoralage et al.,
CARF7 154 (7%) CYTH (cyclase/ " 2018), SiCrnl (Molina et
phosphatase), al., 2021)
wWHTH, DUF2103
CARF8 50 (2%) transmembrane Il NsCaml (Baca et al., 2024)
CARF9 183 (8%) HEPN (RNase) 11| ToCsmé (Jia et al., 2019a)
RtcR 1925 AAA (ATPase)  no  TCRER (Kozt(tgz")o'zou etal.,

1.4.2.CARF ring nuclease activity

As discussed previously, toxic activities of CARF proteins reduce the
growth of infected cell or even kill it benefiting the population. The latter out-
come would be expected in systems without active cOA degradation module.
However, some CARF-HEPN RNases have evolved CARF domains with ring
nuclease activity allowing the cleavage of cOAs. Such property diminishes
toxic activity upon foreign nucleic acid destruction and cOA-producing Cas10
protein deactivation. Ring nuclease activity was observed for Csm6 proteins
of CARF1 and CARF9 groups (Jia et al., 2019a; Athukoralage et al., 2020;
Garcia-Doval et al., 2020; Smalakyte et al., 2020). Additionally, CARF-
wHTH proteins (Crnl) of CARF7 (Athukoralage et al., 2018; Molina et al.,
2021) and standalone CARF protein of minor CARF_m13 clade (Molina et
al., 2022) also cleave cognate cA activators. It is proposed that such internal
ring nucleases reduce intracellular cOA concentration after infection ensuring
temporal control of non-ring nuclease CARF or SAVED proteins (Athukoral-
age et al., 2018).

The cOA cleavage reaction occurs in two steps. First the cOA ring is
opened forming a linear oligoadenylate with 5’-OH and 2'3’-cyclic phosphate
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ends (Ar>p) which is then cut in half producing two identical products with
the same ends. Ring nucleases which are activated by cAs produce intermedi-
ate Ag>p and Asz>p final products (Athukoralage et al., 2018; Garcia-Doval et
al., 2020; Molina et al., 2021; Smalakyte et al., 2020) while cAs-cleaving
CARF domains generate intermediate As>p which is cut to two Ax>p as final
products (Athukoralage et al., 2018, 2019; Jia et al., 2019a; Molina et al.,
2021). In vitro studies of cOA cleavage kinetics by CARF domains indicate
that activators are cleaved in time range from tens of minutes to hours sug-
gesting a timeframe of ancillary effector activation during infection and type
Il CRISPR-Cas signalling (Athukoralage et al., 2019, 2018; Jia et al., 2019a;
Smalakyte et al., 2020). As mentioned in section 1.3.4, cOAs are also cleaved
by non-CARF anti-CRISPR ring nuclease Acrlll-1. The viral Acrlll-1 ring
nuclease from Sulfolobus islandicus rod-shaped virus 1 shows sub-minute
degradation of cA4 under single turnover conditions which explains phage re-
sistance to type Ill CRISPR-Cas defence when Acrlll-1 is present in the cell
(Athukoralage et al., 2020). The reaction mechanism of Acrlll-1 is different
from CARF since cAs is cleaved to A2>p and Azp having linear 3'-phosphate
(Athukoralage et al., 2020).

1.4.3.CARF7 group proteins

Sequence analysis of CARF7 group proteins shows that most of them
adopt a core of fused CARF and wHTH domains (Makarova et al., 2020a) as
exemplified by characterized archaeal Crnl ring nucleases (Athukoralage et
al., 2018; Molina et al., 2021). CARF7 protein genes are strongly linked to
type Il CRISPR-Cas loci which often have additional ancillary effectors en-
coded in the vicinity.

~30% of CARF7 group proteins are two domain CARF-wHTH fusions.
However, the most common (~50% of sequences) architecture in CARF7
group is CARF-wHTH-RelE with RelE domain fused to the C-terminus of
CARF-wHTH core. RelE domain corresponds to well-characterized mRNA
interferase toxins of numerous type Il toxin-antitoxin systems (see section
1.5.1). ~15% of sequences exhibit uncharacterized DUF2103 as putative ef-
fector domain. A minor fraction of CARF7 group (~5%) is composed of
(CYTH-)CARF-wHTH-HD proteins with an optional CYTH triphosphate
tunnel metalloenzyme domain (lyer and Aravind, 2002) fused to the N-termi-
nal and putative phosphodiesterase HD domain (Aravind and Koonin, 1998)
fused to the C-terminal end of CARF-wHTH core. The latter proteins are
mostly restricted to the thermopbhilic bacteria of the order Thermotogales.
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Fig. 1.9. Structure of S. islandicus Crnl protein of CARF7 group. (A) Crystal
structures of apo SiCrnl (PDB: 7PQ2) and post-catalytic complex of SiCrnl bound
to reaction products A,>p (PDB: 7PQ3) showing CARF domains closure and move-
ment of wHTH domains. (B) 2 A;>p bound in the CARF domain in post-catalytic
complex with product ends located near conserved active site residues S12 and K169.
(C) Conserved ring nuclease motifs of CARF7 group proteins, adapted from
(Makarova et al., 2020a).

Structural characterization of S. islandicus Crnl protein has shown that
CARF-wHTH core is flexible (Molina et al., 2021) and wHTH domain under-
goes a cork-screw motion during cognate cAs binding and/or cleavage (Fig.
1.9A). The serine and lysine residues critical for ring nuclease activity in Crnl
(Fig 1.9B) are conserved in the whole CARF7 group (Fig. 1.9C) suggesting
that CARF7 proteins with fused effector domains could autoinhibit them-
selves (Makarova et al., 2020a; Molina et al., 2021).

WHTH domains usually act as DNA binding moieties in various tran-
scriptional regulators (Gajiwala and Burley, 2000). Such function is experi-
mentally confirmed for Csa3 proteins (CARF3 group) which regulate
CRISPR-Cas and other genes expression by DNA binding via wHTH domains
(T. Liu et al., 2017). However, Csa3 affinity to promoters in the DNA is not
affected by cognate cA4 binding (Xia et al., 2022). Despite substantial struc-
tural similarity to transcriptional regulators (Molina et al., 2021), no DNA
binding or other functional properties have been attributed to wHTH domains
of CARF7 group proteins.
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1.5. Toxin-antitoxin systems

The effector domains (HEPN, RelE) of some CARF proteins correspond
to toxins from widespread prokaryotic toxin-antitoxin (TA) systems (Jurénas
et al., 2022). TA systems, as the name suggests, are composed of toxins and
antitoxins which are often found coupled in the same operon. Toxins usually
are diverse proteins which impair DNA replication, degrade or modify RNA,
inhibit translation, disrupt cell envelope or cause metabolic stress. Antitoxins
are either proteins or RNAs which neutralize toxins at protein or mMRNA level
and regulate TA expression. According to the mode of toxin neutralization,
TA systems are classified into eight types (I to VIII) (Jurénas et al., 2022). To
this date the most abundant and diverse are type Il TA systems in which the
toxin is neutralized by direct antitoxin protein binding often involving the cov-
ering of toxin active site (Jurénas and Van Melderen, 2020).

While the targets and molecular mechanisms of numerous toxins are well
studied, the biological functions for most of them have remained enigmatic.
Naturally, functions of type Il TA systems are linked to toxin activation which
is caused by dysregulation of toxin:antitoxin protein ratio. This is clearly ex-
emplified by first described plasmid-borne TA system CcdAB allowing F
plasmid stabilization in E. coli population (Ogura and Hiraga, 1983). If the
plasmid encoding CcdAB is lost in one of the daughter cells during cell fis-
sion, the antitoxin CcdA is readily degraded by Lon protease (even in the pres-
ence of its binding partner CcdB (Van Melderen et al., 1994)) and not replen-
ished leading to the accumulation of free CcdB toxin which inhibits DNA gy-
rase and disrupts genome replication (Bernard and Couturier, 1992). This
mechanism, termed post-segregational killing or addiction, is also adopted by
other TA systems encoded on plasmids or mobile chromosomal regions such
as integrons (Harms et al., 2018).

Yet, type Il TA systems are often encoded in the genetically stable parts
of the genome and most bacterial species harbours tens of them with substan-
tial variation between strains (Akarsu et al., 2019). Differently from strict
post-segregational killing mechanism, these systems are regulated more subtly
at transcription level. Type Il antitoxins have DNA-binding domains in addi-
tion to toxin-binding motifs enabling them to regulate their own transcription
(De Bruyn et al., 2021; Lee and Lee, 2023). Under normal conditions antitox-
ins and toxins form complexes which block TA operon transcription by bind-
ing to operator regions. TA expression is alleviated due reduced affinity of
toxin:antitoxin complex to DNA when additional toxin subunits bind to it
(Grabe et al., 2024; Overgaard et al., 2008). It was observed that during

35



various abiotic stresses resulting in translation inhibition or increased protease
activity on antitoxins, TA transcription levels rise significantly while no toxins
are being freed from toxin-rich TA complexes (LeRoux et al., 2020). In type
Il TA systems the translation of toxins is less pronounced than antitoxins (Li
et al., 2014) which helps to explain why toxins remain neutralized during sub-
stantial changes in operon transcription levels. Taken together these results
cast doubt on previous reports stating that toxins unleashed in response to
stress could put cells into dormancy or persistence allowing them to survive
(Pizzolato-Cezar et al., 2023).

An another scenario leading to dysregulation of toxin:antitoxin ratio and
actual toxin activation could unfold upon phage infection during which host
transcription-translation machinery is hijacked to produce viral proteins (Song
and Wood, 2020; LeRoux and Laub, 2022; Kelly et al., 2023). While the exact
mechanisms of toxin unleash are mostly obscure, the evidences of chromoso-
mal TA functioning as antiphage systems are accumulating during recent
years (LeRoux and Laub, 2022; Kelly et al., 2023). One well-studied instance
is RnlAB type Il TA protecting E. coli K12 against T4 infection during which
the endoribonuclease activity of toxin RnlA is unleashed (Koga et al., 2011).
Interestingly, RnlAB protects only against T4 mutant lacking dmd gene (Koga
etal., 2011). Later studies explained this observation by showing that T4 Dmd
protein functions as an alternative antitoxin to RnlA and other related toxin
LsoB from LsoAB system (Otsuka and Yonesaki, 2012). Antiphage protection
was also observed for type | hok/sok (Pecota and Wood, 1996), type Il toxSAS
(Dedrick et al., 2017; Kurata et al., 2021; Zhang et al., 2022), type 11l ToxIN
(Fineran et al., 2009; Guegler and Laub, 2021), type IV DarTG (LeRoux et
al., 2022) and other TA systems.

Recently, a detailed toxin activation mechanism was described for type
I1 TA-like antiphage system PARIS. In PARIS AriA antitoxin sequesters AriB
toxin which inhibits translation by cleaving tRNAY* when freed (Burman et
al., 2024; Deep et al., 2024). It was previously noticed, that PARIS defend
against phages which encode a counter-defence Ocr protein inhibiting re-
striction-modification defence systems (Rousset et al., 2022). Structural stud-
ies revealed that Ocr binding by AriA distorts its structure freeing AriB which
inhibits translation during the infection (Burman et al., 2024; Deep et al.,
2024). Interestingly, some phages such as T5 subverts counter-counter-de-
fence by PARIS by encoding a variant of tRNALS that is not cleaved by AriB
(Burman et al., 2024).

These examples and the emergence of anti-TA counter-defence elements,
such as phage T4 Dmd against RnlAB and phage T5 variant tRNAY® against
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PARIS, strengthen the notion that TA systems primarily act in genetic con-
flicts (Song and Wood, 2020; LeRoux and Laub, 2022; Kelly et al., 2023).

1.5.1.RelE-like toxins

Most toxins of type Il TA systems target translation by either cleaving
RNA (MRNA, tRNA or rRNA) or inactivating the enzymes driving protein
synthesis such as aminoacyl-tRNA synthetases or translation factors (Jurénas
and Van Melderen, 2020). RelE is structurally and enzymatically well charac-
terized type Il toxin which targets mMRNA exposed in the A (aminoacyl-tRNA
accepting) site of the 70S ribosome (Pedersen et al., 2003; Neubauer et al.,
2009) (Fig. 1.10A). This activity causes a two-fold toxic effect: it reduces the
amount of MRNA available for translation and lowers the proportion of func-
tional ribosome pool due to their stalling at the 3'-end of degraded mRNA (as
discussed in detail in Chapter 1.6). Similar ribosome-dependent activity was
also observed for other toxin families: YoeB (Zhang and Inouye, 2009), YafQ
(Prysak et al., 2009) and HigB (Hurley and Woychik, 2009) which here are
called RelE-like. These toxins show low (10-20%) sequence identity to RelE
proteins and utilize different active site residues but adopt similar o/p sand-
wich fold (Fig. 1.10B). While RelE-like toxins are found only in prokaryotes,
it was noted that E. coli RelE also could cleave mRNAs in stalled eukaryotic
ribosomes (Andreev et al., 2008).

RelE-like toxins show low mRNA sequence specificity (Hurley et al.,
2011; Goeders et al., 2013). Instead they rely on binding to the A-site of the
ribosome in which they reorganize mRNA for cleavage (Neubauer et al.,
2009; Feng et al., 2013; Maehigashi et al., 2015). Most of these toxins were
shown to cleave mRNA after 2" or 3" nucleotide of the codon exposed in the
A-site (Choi et al., 2017; Goeders et al., 2013) with some toxins showing flex-
ibility (Hurley et al., 2011). EcRelE leaves 2'3'-cyclic phosphate at the 3'-end
of ribosome-bound product while YafQ, YoeB and HigB yield linear 3’-phos-
phate end similarly to structurally related RNase T1 which is not a part of TA
systems (Feng et al., 2013; Maehigashi et al., 2015; Schureck et al., 2016).

Further structural comparisons have shown that RelE-like toxins are re-
lated to ParE toxin family which are gyrase poisons (Anantharaman and Ara-
vind, 2003). ParE proteins lack active site residues typical for RelE-like toxins
but structures of E. coli ParDE and RelBE antitoxin-toxin pairs show similar
modes of neutralization with antitoxins blocking the same surfaces of cognate
toxins (Bgggild et al., 2012; Li et al., 2009). Network analysis of TA operons
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has shown that some protein families of antitoxins are promiscuous and could
neutralize both ParE and RelE-like antitoxins (Ernits et al., 2023).
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Fig. 1.10. Overview of RelE-like toxins. (A) Crystal structure of in vitro reconsti-
tuted ribosome-RelE complex. EcRelE (magenta) is bound to mRNA exposed in of
T. thermophilus 70S ribosome (cyan and grey) (PDB: 4V7J). E (exit), P (peptidyl-
tRNA) and A (aminoacyl-tRNA) sites of the ribosomes are indicated. (B) Spatially
aligned RelE-like proteins with indicated active site residues (PDB: 4V7J (EcRelE),
4V8X (EcYoeB), 4ML2 (EcYafQ), 4ZSN (P. vulagaris HigB)). Adapted from
(Schureck et al., 2016). (C) Defence mechanism of HigBAC tripartite toxin-antitoxin
system utilizing SecB-like (SecB™) chaperone HigC. Adapted from (Mets et al.,
2024).

Despite extensive computational, structural and biochemical studies, the
biological functions of TA systems utilizing RelE-like toxins are debated. Yet
the discourse on general functions of TA systems is leaning towards attrib-
uting a defence role to them (Song and Wood, 2020; LeRoux and Laub, 2022;
Kelly et al., 2023) with new data from RelE-like toxin studies to support this
notion. Recently, Mets et al. described a tripartite TA system HigBAC en-
coded by E. coli prophages which grants the bacterial host specific immunity
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against phage A infection (Mets et al., 2024). This system is composed of
RelE-like HigB toxin, its cognate antitoxin HigA and a SecB-like chaperone
HigC which binds chaperone addiction (ChAD) regions of C-terminal part of
HigA thus stabilizing it and preventing from degradation (Fig 1.10C). Upon
phage A infection and viral protein expression, HigC binds N-terminal region
of major tail protein gpV which outcompetes HigA. This causes HigA degra-
dation and release of HigB toxin in the infected cell. These findings allowed
to functionally pair HigC which acts as sensor for phage A gpV protein ex-
pression to the effector HigB.

RelE-like toxins are also found in other systems involved in antiphage
defence either as standalone proteins or parts of multidomain proteins. A re-
cent study of genomic fragments from different E. coli strains describes two
instances with putative RelE-like effectors among other novel defence sys-
tems (Vassallo et al., 2022). A singular protein termed PD-T4-7 composed of
RelE-like and phage sheath domains provides robust immunity against T2, T4
and T6 phages while a tripartite system PD-A-2 with HigB-like protein, pepti-
dase and phage P4 beta family protein (Ghisotti et al., 1990; Rousset et al.,
2022) defend bacteria against A, T3 and other phages. Interestingly, the latter
system shows functional similarity with TA systems, however here the HigB-
like protein seems to function as an antitoxin neutralizing the toxic peptidase
(Vassallo et al., 2022). Another single-protein system termed HECO7 com-
posed of adenosylmethionine decarboxylase, inactivated thioredoxin and
RelE-like domains provides defence against a group of T4-like phages (Payne
etal., 2024). As mentioned in Chapter 1.4.3, RelE-like domains are also found
fused to CARF proteins associated with type Il CRISPR-Cas systems
(Makarova et al., 2020a). These examples suggest that RelE-like protein do-
mains are evolutionary promiscuous and were adapted in the context of pro-
karyotic defence.

The pace of defence system discovery is accelerating (Payne et al., 2022;
Tesson et al., 2024) and the future unveiling of new systems employing RelE-
like toxins should be not surprising. While the mRNA degradation activity
and subsequent ribosome stalling caused by RelE-like toxins is well docu-
mented, the triggers and activation mechanisms for most TA or other antiph-
age defence systems utilizing them remain to be elucidated.
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1.6. Ribosome stalling and rescue

Protein synthesis (translation) consists of three phases: initiation, elonga-
tion and termination followed by ribosome recycling (Rodnina, 2018). Each
phase involves ribosomes decoding mRNA sequence to start the synthesis of
a protein chain, add amino acids to it or stop the synthesis, respectively. Ri-
bosomes scan the coding part of mMRNA in three nucleotide increments termed
codons each specific to either tRNAs, which transport amino acids to the ri-
bosomes, or release factors (RFs) which induce translation termination. RFs
are specific to certain stop codons and cause protein chain hydrolysis from
tRNA and subsequent ribosome disassembly.

Rare codon stretches, mRNA secondary structures or certain amino acid
composition of nascent peptides can cause temporary pausing of the ribosome
which could be alleviated spontaneously or with assistance by other factors
(Samatova et al., 2020). Physiological modifications of mMRNA and tRNA
could also influence the rate of translation due to ribosome pausing (Franco
and Koutmou, 2022) while oxidative and alkylative damage to mRNA cause
prolonged ribosome stalling at the damaged site (Simms et al., 2014; Thomas
et al., 2020). mMRNA hydrolysis, stop codon read-through or frameshifting
could lead to a scenario under which ribosomes remain in the elongation phase
until the 3’-end of MRNA. Since the translocation step of elongation puts the
3’-end of MRNA in the P site, the A-site remains devoid of mMRNA preventing
the recruitment of tRNAs or RFs (Keiler et al., 1996). This causes ribosome
stalling preventing termination and ribosome recycling. The stalling can only
be alleviated via specialized ribosome rescue pathways (Mdiller et al., 2021).
The most widespread mechanism termed trans-translation utilizes a hybrid
transfer-messenger RNA (tmRNA) which has both tRNA and mRNA proper-
ties (Fig. 1.11A). tmRNA is found in >99% of bacterial genomes (Hudson et
al., 2014).

tmRNA is approximately 360 nt in length and adopts a looped structure
(Fig. 1.11A). Its 5'- and 3’-terminal parts come together to form a tRNA-like
domain (TLD) which could be loaded with alanine amino acid (Komine et al.,
1994). TLD lacks an anticodon stem loop which is required for canonical
tRNAs to bind specific mMRNA codons. Instead, the space of this stem loop is
occupied by SmpB protein stabilizing the tmRNA structure and assisting with
ribosome binding (Karzai et al., 1999). The larger part of tmRNA chain is
structured as helices and pseudoknots leaving a single-stranded stretch termed
MRNA-like domain (MLD) (Fig. 1.11A). MLD is exposed to serve as a matrix
for translation in trans (or trans-translation). It encodes a short degradation tag
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to be attached to the nascent peptide of stalled ribosomes marking it for deg-
radation (Keiler et al., 1996). Like a usual open reading frame, this coding
sequence ends with canonical stop codon allowing proper translation termina-
tion.

tmRNA-SmpB complex moves through a stalled ribosome ((D); further
numbering follows Fig. 1.11B) in several steps during which it resumes the
translation (Guyomar et al., 2021; Rae et al., 2019). Similarly to other canon-
ical aminoacylated tRNAs, alanyl-tmRNA-SmpB complex is brought to the
ribosome by elongation factor Tu (EF-Tu) ((2). SmpB probes the empty
mRNA entry channel with C-terminal helix and accommodates tmRNA in the
A-site allowing for peptide transfer reaction from peptidyl-tRNA in the P site
to alanyl-tmRNA ((3). tmRNA-SmpB is then translocated to the P site by
elongation factor G (EF-G) ((®). During this the MLD passes into the A-site
previously occupied by SmpB which flips to the opposite side of mMRNA chan-
nel (). The first codon of MLD is decoded by tRNA resuming the transla-
tion ((®)). This and subsequent peptide transfer ((7)) with tRNA translocation
(®) steps are repeated until the stop codon of MLD is reached. Then RF is
recruited to the A-site allowing tagged peptide release and ribosome disas-
sembly ((9)). The tagged peptide is recognized and degraded by proteases
(Keiler et al., 1996) while the ribosome subunits can be reused to translate
other mRNAs.

Early studies showed that disruption of tmRNA encoding ssrA gene in-
hibits growth of E. coli (Oh and Apirion, 1991). The accumulation of unhy-
drolyzed peptidyl-tRNA molecules was observed in E. coli mutants devoid of
main ribosome rescue pathways even when the bacteria were cultured in rich
media (Ito et al., 2011). This signifies a prominent ribosome stalling without
apparent stress (Ito et al., 2011). Yet, certain cellular states could drastically
induce ribosome stalling, for example due to mMRNA degradation under acti-
vation of RelE-like toxins. Direct in vivo experiments show that toxicity
caused by RelE could be resuscitated by overproduction of tnRNA even when
the MLD of tmRNA itself is targeted by RelE (Christensen and Gerdes, 2003).
EcRelE was found to cleave A-site mRNA after second nucleotide of an ex-
posed codon, effectively leaving 2 nt flanking past P-site (Hurley et al., 2011).
This flanking end can be readily outcompeted by tmRNA-SmpB complex
which tolerates flanks up to 9 nt (Ivanova et al., 2004).

When tmRNA is mutated or overwhelmed with non-stop ribosome com-
plexes, an alternative rescue factor ArfA is produced in E. coli
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Fig. 1.11. tmRNA and trans- translatlon (A) Composition (left) and structure (rlght
PDB: 31'YQ) of T. thermophilus tmRNA. Structural elements of tmRNA molecule are
color-coded in both views. TLD — tRNA-like domain, MLD — mRNA-like domain,
PK — pseudoknot, H — helix. UAA stop codon of MLD is indicated. Adapted from
(Giudice et al., 2014). (B) Trans-translation ribosome rescue pathway. Steps from
tmRNA delivery to stalled ribosome, translation of MLD to ribosome disassembly
((D-(9)) are described in the main text accordingly. Adapted from (Rae et al., 2019).
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(Chadani et al., 2011a; Garza-Sanchez et al., 2011). It recruits release factor 2
(RF2) to ribosomes with empty A-site where RF2 performs peptidyl-tRNA
hydrolysis (Chadani et al., 2012; Shimizu, 2012) leading to ribosome recy-
cling. A double E. coli mutant lacking both tmRNA and ArfA is non-viable
signifying that sequestration of ribosomes due to spontaneous stalling is dele-
terious for the cell (Chadani et al., 2011a). Another E. coli alternative rescue
factor termed ArfB (previously YaeJ) can cleave peptidyl-tRNA in non-stop
ribosomes without assistance by RFs (Chadani et al., 2011b; Handa et al.,
2011). The chromosomal copy of arfB gene does not resuscitate E. coli bacte-
ria devoid of tmRNA and ArfA unless ArfB is overexpressed (Chadani et al.,
2011b), yet chromosomal ArfB is sufficient to ensure survival of tmRNA
and/or ArfA mutants of other species (Feaga et al., 2014; Moreno et al., 2022).
Since ArfA and ArfB mediated rescue depends on peptidyl-tRNA hydrolysis,
the nascent peptides are not additionally labelled for degradation as in trans-
translation (Muller et al., 2021).

ArfB (but not tmRNA or ArfA) homologs are also found in the genomes
of eukaryotes (Duarte et al., 2012). Best characterized example is an essential
human ICT1 (immature colon carcinoma transcript-1) protein which is an in-
tegral part of mitochondrial ribosome (Amunts et al., 2015), but also functions
in stalled mitoribosome rescue (Akabane et al., 2014; Richter et al., 2010).
Interestingly, ICT1 was found to rescue stalled ribosomes of bacterium Cau-
lobacter crescentus while C. crescentus ArfB prevented death of human cells
with ICT1 knocked down suggesting mutually similar rescue mechanism
(Feagacetal., 2016). ICT1 is found to be upregulated in various types of cancer
and thus considered as a marker for tumour cells (Chicherin et al., 2021).

1.7. Ribosome stalk

The major drivers of elongation EF-Tu and EF-G together with initiation
factor 2 (IF-2) and RF3 belong to a protein family called translational GTPases
(trGTPases) which also accommodates other translation factors having a GTP-
hydrolysing G domain (Maracci and Rodnina, 2016). trGTPases are activated
upon binding to the large subunit when their G domain comes into contact
with a universally conserved adenosine in sarcin-ricin loop (SRL) of 23S
rRNA (Clementi and Polacek, 2010). GTP hydrolysis induces conformational
changes related to trGTPase function. For example, upon GTP hydrolysis EF-
Tu releases cargo aminoacyl-tRNA allowing it to accommodate into peptidyl
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Fig. 1.12. Ribosome stalk structures. (A) Ribosome stalk model superimposed with
cryoEM structure of E. coli 70S ribosome via uL10-NTD (PDB: 5MDZ). Stalk model
composed of E. coli uL10:bL124 was prepared by the author using AlphaFold 2
(Jumper et al., 2021). (B) Crystal structure of T. maritima ribosome stalk core con-
sisting of uL10:bL12-NTD¢ heptamer (PDB: 1ZAX). (C) NMR structure of full-
length bL12 homodimer from E. coli (PDB: 1RQU). (D) EF-G:GDP bound to SRL
of 508 ribosome subunit (PDB: 7N2C). G’ extension (dark green) of EF-G G domain
(light green) interacts with a4 and a5 helices of bL12-CTD (slate blue). (E) NMR
structure of human P1:P2 heterodimer (PDB: 4BEH). (F) Interactions between RIPs
and conserved C-terminal parts of P1/P2. Structures of three different RIPs (grey) are
superimposed and three interacting peptides are coloured according to the bound RIP:
ricin (slate blue; PDB: 5GU4), trichosanthin (salmon; PDB: 2JDL), Shiga toxin 2
(magenta; PDB: 6X6H). Conserved glutamic acid and arginine residues critical for
RIP N-glycosylase activity are coloured in red.

transferase centre (Pape et al., 1998) and EF-G translocates ribosomes along
mRNA (Rodnina et al., 1997).
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trGTPases are recruited to the ribosomes by a structure called ribosome
stalk (Liljas and Sanyal, 2018). Due to high mobility (Imai et al., 2020) the
stalk structure has not been resolved in full in ribosome structural studies (Di-
aconu et al., 2005), however its position relative to the ribosome core can be
estimated by protein structural modelling (Fig. 1.12A). Bacterial ribosome
stalk consists of protein uL10 bound to four (as in E. coli), six (as in Thermo-
toga maritima, Fig. 1.12B) or eight (only in some cyanobacteria) copies of
bL12 (Davydov et al., 2013). NTD of uL10 connects the stalk to 50S subunit
and its C-terminal helix acts as a chassis to bind homodimers of bL12 proteins
(Diaconu et al., 2005). bL12 consists of two dimerization helices at N-termi-
nus connected to a globular CTD via flexible linker (Fig. 1.12C). CTD of bL12
binds to trGTPase G domain (Ge et al., 2018; Helena-Bueno et al., 2024) or
its extension G’ in case of EF-G (Fig. 1.12D) and RF3 (Pallesen et al., 2013)
via two conserved helices (Helgstrand et al., 2007). These interactions are crit-
ical for trGTPase recruitment to the ribosome (Carlson et al., 2017; Ge et al.,
2018). Ribosome stalk also binds other trGTPases such as BipA which facili-
tates 50S subunit maturation (Kumar et al., 2015) and TetM protein protecting
ribosomes from antibiotic tetracycline (Arenz et al., 2015). Mitochondrial and
chloroplast ribosomes also have bacterial-like stalk structures with bL12 hom-
ologs bL12m and bL12c (Ban et al., 2014) which recruit organelle-specific
trGTPases (Koripella et al., 2020).

Stalk structure of archaeal and eukaryotic cytoplasmic ribosomes utilize
P1/P2 proteins which do not share homology with bL12 (Naganuma et al.,
2010). These proteins do not form globular CTDs and instead are disordered
in eukaryotes (Fig. 1.12E) or adopt short helical secondary structures in ar-
chaea (Naganuma et al., 2010). C-terminal parts of these proteins bind hydro-
phobic pockets in the G/G’ domains of corresponding trGTPases (Ito et al.,
2014; Tanzawa et al., 2018) whereas bacterial bL12 utilizes charge comple-
mentarity (Helgstrand et al., 2007; Ge et al., 2018). Conversely, P1/P2 pro-
teins can be hijacked by poisonous ribosome inactivating proteins (RIPs; Fig.
1.12F) such as ricin which then depurinates the G domain-activating adeno-
sine in SRL making trGTPases unable to function in damaged ribosomes and
halting protein production in the cell (Grela et al., 2019).

According to the current understanding of stalk proteins bL12 and P1/P2,
their role involves increasing the local concentration of trGTPases, especially
elongation factors, in the vicinity of ribosomes during translation (Liljas and
Sanyal, 2018). This notion is supported by recent experiments. Single-mole-
cule in vivo tracking of EF-Tu and ribosomes show that they colocalize in live
E. coli with nearly four copies of EF-Tu per ribosome which matches copy
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number of bL12 (Mustafi and Weisshaar, 2018, 2019). Elongation factor pool-
ing by archaeal ribosome stalk was directly visualized in vitro using high-
speed atomic force microscopy (Imai et al., 2020). Additionally, it is sug-
gested that trGTPase interaction with the stalk could stabilize its position near
SRL and promote GTP hydrolysis (Liljas and Sanyal, 2018), a property taken
advantage of by RIPs to damage the SRL (Grela et al., 2019). Besides
trGTPases and RIPs, no other proteins have been shown to interact with the
ribosome stalk.
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2. MATERIALS AND METHODS
2.1. Materials
2.1.1.Chemicals

All chemicals used in this study were purchased from Thermo Scientific,
Invitrogen, Sigma-Aldrich, Carl Roth, Invitrogen and Fluka and of the highest
purity grade available. Radiolabelled nucleotides were purchased from Perkin
Elmer.

2.1.2.Proteins and kits

“GeneJET PCR Purification Kit”, “GeneJET Gel Extraction Kit”,
“GeneJET Plasmid Miniprep Kit”, “T7 High Yield Transcription Kit”,
“GeneJET RNA Cleanup and Concentration Micro Kit”, “FastDigest” re-
striction endonucleases, DreamTaq and Phusion DNA polymerases, T4 poly-
nucleotide kinase (PNK), FastAP thermosensitive alkaline phosphatase,
RNases A and T1, ,,PageRuler™ Unstained Protein Ladder (protein marker
sizes in kDa: 10, 15, 20, 25, 30, 40, 50, 60, 70, 85, 100, 120, 150, 200), Ri-
boLock RNase inhibitor and bovine serum albumin (BSA) were purchased
from Thermo Scientific.

“NEBuilder HiFi DNA Assembly Master Mix”, micrococcal nuclease
and E. coli 70S ribosomes were purchased from New England Biolabs.

All these products were used according to the recommendations by the
manufacturer unless indicated otherwise. Reaction mixtures containing com-
mercial enzymes were used in supplemented buffer solutions unless indicated
otherwise.

Candidatus C. acidaminovorans Csm complex was obtained from Dalia
Smalakyté (Smalakyte et al., 2024).

TEV protease was obtained from dr. Ariinas Silanskas.

70SAbL12 ribosomes were obtained from prof. Paul Clint Spiegel of
Western Washington University (Carlson et al., 2017).

2.1.3.Plasmids

All plasmids used in this work with their descriptions, sources and links
to sequences are listed in Appendix 1.
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2.1.4.0ligonucleotides

Synthetic DNA and RNA oligonucleotides were purchased from Meta-
bion and Eurofins Genomics. tRNA™¢ was purchased from ChemBlock. cA4
and cAs were purchased from Biolog Life Sciences institute. Synthetic oligo-
nucleotides used as substrates and probes are listed in Appendix 2.

2.1.5.Bacterial strains and media

E. coli strain BL21(DE3) [F- ompT hsdSg (rs", ms") gal dcm (DE3)] was
used for StCsm complex expression.

E. coli strain ER2566 [F~ A~ fhuA2 lon ompT lacZ::T7.1 gal sulAll
A(mcrC-mrr)114::1S10 R(mcr-73::miniTn10)(Tet%)2 R(zgh-210::Tn10)(Tet®)
endAl dem] was used for Camil protein in vivo toxicity assays.

E. coli strain DH5a [F~ @80lacZAM15 A(lacZYA-argF)U169 recAl
endAl hsdR17(rk~, mk*) phoA supE44 X~ thi-1 gyrA96 relAl] was used for
the cloning procedures.

E. coli strain DH10B [F- A- endAl recAl galE15 galK16 nupG
rpsL(Str?) AlacX74 ®80lacZAM15 araD139 A(ara-leu)7697 mcrA A(mrr-
hsdRMS-mcrBC)] was used for Camil protein expression.

E. coli bacteria were cultivated in LB broth (1% (all w/v) peptone, 0.5%
yeast extract, 0.5% NaCl in deionized water) or plated on LB agar, which also
contained 1.5 % agar. Various supplements to these media are indicated where
appropriate. Full list of supplements used:

o antibiotics: ampicillin (100 ug/mL; all final concentrations), carbeni-
cillin, (100 pg/mL) streptomycin (50 pg/mL), chloramphenicol (30
pg/mL), kanamycin (50 pg/mL);

e inducers: IPTG, arabinose (concentrations are indicated where appro-
priate);

e glucose (1% wi/v).

2.1.6.Buffers and other solutions

Protein purification
e StCsm complex purification buffer: 20 mM Tris—HCI (pH 8.5), 500 mM
NaCl, 1 mM EDTA, 7 mM 2-mercaptoethanol.
e StCsm complex storage buffer: 10 mM Tris-HCI (pH 8.5), 300 mM NacCl,
1 mM DTT, 0.1 mM EDTA, 50% (v/v) glycerol.
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Camil purification buffer: 20 mM Tris—HCI (pH 8.5), 500 mM NacCl, 7
mM 2-mercaptoethanol.

Camil storage buffer: 10 mM Tris-HCI (pH 8.5), 300 mM KCI, 1 mM
DTT, 0.1 mM EDTA, and 50% (v/v) glycerol.

bL12 purification buffer: 50 mM Tris-HCI (pH 7.5), 60 mM NH.CI, 7 mM
MgCl..

bL12 storage buffer: 50 mM Tris-HCI (pH 7.5), 60 mM NH4CI, 7 mM
MgCl,, 25% glycerol.

Protein analysis
4X protein gel loading solution: 100 mM Tris-HCI (pH 6.8), 4% SDS
(wiv), 20% (v/v) glycerol, 200 mM DTT, trace of bromophenol blue.
4% concentrating polyacrylamide gel: 4% acrylamide/N,N’-methylene-
bisacrylamide (w/w; 37.5:1), 125 mM Tris-HCI (pH 6.8), 0,1 % SDS.
12% fractionating polyacrylamide gel: 12% acrylamide/N,N’-methylene-
bisacrylamide (w/w; 37.5:1), 375 mM Tris-HCI (pH 8.8), 0,1 % SDS.
Protein electrophoresis buffer: 25 mM Tris-HCI (pH 8.3), 190 mM glycine,
0.1 % SDS.
“PageBlue Protein Staining Solution” (Thermo Fisher Scientific).
SEC-MALS buffer: 25 mM Tris-HCI (pH 8.0), 250 mM NaCl and 0.01%
(w/v) NaNs.

Buffers and dyes for activity assays.
StCsm binding buffer: 1X TAE, 10% (v/v) glycerol, 0.1 mg/ml BSA.
StCsm reaction buffer: 33 mM Tris-acetate, 66 mM K-acetate, 0.1 mg/ml
BSA, 0.25 U/ul Thermo Scientific RiboLock RNase Inhibitor and 0.5 mM
MnC|2.
RN buffer: 33 mM Tris-acetate (pH 7.9), 66 mM K-acetate, 0.1 mg/ml
BSA
cOA synthesis buffer: 20 mM HEPES (pH 7.5), 50 mM KCI, 1 mM
Mg(CHsCOO)z, 0.1 mg/ml BSA
RB buffer: 50 mM Tris-HCI (pH 7.5 at 37 °C), 70 mM NH4CI, 30 mM
KCI, 7 mM Mg-acetate, 1 mM DTT
cryoRB buffer: 20 mM HEPES-KOH (pH 7.5), 100 mM NH4CI, 10 mM
MgCl;, 1 mM DTT, 2 mM spermidine, 0.05 mM spermine, 0.5 MM EDTA
1X PNK reaction buffer A: 50 mM Tris-HCI (pH 7.6), 10 mM MgCI2, 5
mM DTT, 1 mM spermidine (Thermo Scientific).
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Electrophoresis buffers and gels:

e 1X TAE buffer (Thermo Scientific): 40 mM Tris (pH 8.3), 20 mM acetic
acid, 1 mM EDTA.

o 1% agarose gel: 1% agarose (w/v) in TAE buffer.

e 1X TBE buffer (Thermo Scientific): 89 mM Tris (pH 8.3), 89 mM boric
acid, 2 mM EDTA.

e Denaturing 20% PAAG: 8 M urea, 20% acrylamide/N,N’-meth-
ylenebisacrylamide (w/w; 29:1) in 0.5X TBE buffer.

e Native 8% PAAG: 8% acrylamide/N,N’-methylenebisacrylamide (w/w;
29:1) in 1X TAE buffer.

¢ DNA Loading Dye: 25 mM EDTA, 0.01% (w/v) bromophenol blue, 95%
(v/v) formamide (pH 9.0).

o 2X RNA Gel Loading Dye (Thermo Scientific): 98% formaldehyde, 25
mM EDTA, 0.025% bromophenol blue.

Buffers for northern blot:
¢ RNAsnap solution: 18 mM EDTA, 0.025% SDS, 1% B-mercaptoethanol
and 95% formamide.
o Hybridization solution: 30 mM Na-citrate (pH 7.0), 300 mM NaCl, 1%
SDS, 0.1 mg/mL salmon sperm DNA.
¢ Washing solution: 30 mM Na-citrate (pH 7.0), 300 mM NacCl, 0.1% SDS

pH was measured at 25 °C unless indicated otherwise.

2.2. Methods
2.2.1.Sequence analysis of CARF7 clade

Construction of an enriched set of CARF7 proteins. Initially, the recently
classified CARF7 clade (Makarova et al., 2020a) containing 490 sequences
was enriched with additional archaeal and prokaryotic homologs identified in
non-redundant protein sequence database (“nr”*) downloaded from the NCBI
FTP site. To this end, for each sequence from the initial set, the CARF domain
region was identified based on comparison with Ss01393, a structurally re-
solved CARF7 member (PDB ID: 3QYF) from S. solfataricus (Athukoralage
et al., 2018). CARF domains were then extracted and corresponding HMM
(hidden Markov model) profiles were constructed using HHpred (Steinegger
et al., 2019) searches against the Uniclust30 database (Mirdita et al., 2017).
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Domain boundaries were further inspected and adjusted if necessary. CARF
domain sequences derived in this way were then used as queries to scan the
“nr” database using BLAST (Altschul et al., 1997) and sequences with E-
value = 0.01 or lower were retained. Every retained candidate protein was
further checked for the presence of an intact CARF domain of the CARF7
type. This was done by constructing an HMM profile for every candidate se-
quence using HHsearch and comparing this profile against the initially con-
structed set of CARF domain HMMs. If an HMM profile of a candidate pro-
tein matched at least five CARF domains with probability above 90% and
nearly complete sequence overlap, it was considered a significant hit, and the
new domain was added to the set of CARF domains. CARF domain bounda-
ries were adjusted if necessary. Every newly added CARF domain was in turn
used as a query to scan the “nr” database until no new significant hits were
found. In the next step, to remove identical sequences, the complete set of
CARF7 sequences was filtered at 100% sequence identity using CD-HIT (Li
and Godzik, 2006) and the resulting sequences were aligned using MAFFT
(Katoh and Toh, 2008) in a high accuracy mode (L-INS-i). Multiple sequence
alignment (MSA) was inspected manually and sequences lacking the CARF7
clade-specific motifs (Motif-1 and Motif-1A) (Makarova et al., 2020a) were
removed. The final non-redundant set consisted of 1521 CARF7 proteins.

Phylogenetic analysis. For phylogenetic analysis a smaller, non-redun-
dant set of CARF7 proteins was prepared by clustering sequences with CD-
HIT at 40% sequence identity. The resulting set of 385 CARF domain se-
guences was aligned using MUSCLE (-align mode) (Edgar, 2004). MSA was
trimmed with trimAl (Capella-Gutiérrez et al., 2009) and a phylogenetic tree
was constructed using 1QTree (Minh et al., 2020).

Structural modelling and parsing into domains. To parse information
about domains of CARF7 proteins, structural models were prepared for the
entire set. Structural models for 755 out of 1521 CARF7 proteins were down-
loaded from UniProt repositories (UniProt Consortium, 2023). Remaining 766
proteins were modelled using AlphaFold 2 with default parameters (Jumper et
al., 2021). Next, structural models of all 1521 CARF7 proteins were parsed
into individual domains and annotated iteratively as follows. Initially, one of
the structural models was manually split into domains and for each domain,
except CARF domains identified previously, the structural-functional annota-
tion was assigned based on sequence and structure comparison. Sequence
HMM profiles of each domain were constructed and searched against PDB
(Burley et al., 2017), ECOD (Cheng et al., 2014) and PFAM (Mistry et al.,
2021) databases using HHsearch (Steinegger et al., 2019; Zimmermann et al.,
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2018). Likewise, the 3D structure of each domain was compared with all an-
notated domains in ECOD using DaliLite (Holm, 2019). Based on the identi-
fied homologous structures, each domain was annotated accordingly, and its
boundaries adjusted if necessary. Next, the structure of each of the annotated
domains was compared with the remaining structural models from the CARF7
set using DaliL.ite, and annotations were transferred to the matched homolo-
gous domains. For the remaining unassigned regions in the models the proce-
dure was repeated until all domains in the CARF7 protein set were identified
and annotated.

Sequences and annotations of CARF7 clade proteins are listed in Supple-
mentary Tables S1 to S3 published together with (Mogila et al., 2023).

2.2.2.Cloning and mutagenesis

pCsm2-TEV-tag. TEV protease recognition site was inserted into pET-
Csm-tag plasmid (Appendix 1) between Csm2 and N-terminal Strepll affinity
tag using Gibson assembly. For this a fragment corresponding to linearized
pET-Csm-tag with a break between Strepll and csm2 was amplified by PCR,
mixed with a splint oligonucleotide containing TEV recognition site and re-
circularized using NEBuilder HiFi DNA Assembly Master Mix.

pStCsm_dRNase. pStCsm plasmid (Appendix 1) was double cut with
FastDigest Mval2691 and the longer fragment was gel purified using
GeneJET Gel Extraction Kit. This fragment was mixed with a PCR product of
pCas/Csm_D33A containing csm3 gene with D33A mutation and assembled
using NEBuilder HiFi DNA Assembly Master Mix.

pUC18 _S3/n and pUC18_NS. pUC18 S3/2 plasmid (Appendix 1) was
double cut using FastDigest BamHI and FastDigest Kpnl and purified using
GeneJET PCR Purification Kit. Resulting fragment was mixed with annealed
oligonucleotides designed to encode RNA either complementary to the full
length of StCsm S3 crRNA (Tamulaitis et al., 2014) or non-complementary to
it and assembled using NEBuilder HiFi DNA Assembly Master Mix ulti-
mately yielding pUC18_S3/n and pUC18_NS, respectively.

Design of Camil expression plasmids. Four Camil proteins from Al-
lochromatium vinosum DSM180 (NCBI protein reference sequence
WP_012972290.1), Caldilinea aerophila DSM14535 (WP_044276641.1),
Candidatus Cloacamonas acidaminovorans str. Evry (WP_015424585.1),
Caldicellulosiruptor hydrothermalis 108 (WP_013404376.1), respectively,
AvCamil, CaCamil, CCaCamil, and ChCamil, were selected for analysis.
Gene sequences were optimized for expression in E. coli, fused to C-terminal
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Strepll and His10 affinity purification tags and submitted to Twist Bioscience
for DNA synthesis and cloning into pBAD/HisA vector (Invitrogen) resulting
in pAvCamil, pCaCamil, pCCaCamil and pChCamil plasmids (Appendix
1).

Mutagenesis of pAvCamil. AvCamil point mutants were constructed by
separately amplifying two overlapping fragments of pAvCamil, pAvCamil-
S11A or pAvCamil- S11A+Q210A+E212A (Appendix 1) plasmid using mu-
tagenic primers in PCR. One overlap included mutation(s) to open reading
frame of AvCamil while the other overlap fully matched vector part of the
plasmid. Fragments were used to reconstitute the mutant plasmid by Gibson
assembly using NEBuilder HiFi DNA Assembly Master Mix.

In all cases the Gibson assembly reaction mixture was prepared accord-
ing to the manufacturer recommendations and was used to transform E. coli
DH5a. Selected colonies were grown overnight in LB broth with appropriate
antibiotics and plasmids were purified using GeneJET Plasmid Miniprep Kit.
Sequences were confirmed by performing whole plasmid Nanopore sequenc-
ing (SeqVision).

2.2.3.Protein expression and purification

StCsm complex. E. coli BL21(DE3) was transformed with pCRISPR_S3,
pCsm2N-TEV-Tag and pStCsm or pStCsm_dRNase plasmids for WT or
RNase-dead StCsm complex production, respectively. Transformants were
verified by colony PCR and used to inoculate overnight cultures in LB broth
with Cm, Str and Ap antibiotics. After overgrowth the overnight cultures were
1:100 diluted in fresh LB broth with the same antibiotics and bacteria were
grown at 37 °C with shaking at 200 rpm. The growth was monitored until
bacterial optical density ODsgoo reached 0.6 when the expression of StCsm
complex components was induced by adding IPTG to final 1 mM concentra-
tion and resuming the shaking for 3 h at 37 °C. Cells were harvested by cen-
trifugation at 7000 rpm 4 °C for 10 min using F12-6x500 LEX rotor (Thermo
Scientific) and disrupted by sonication in StCsm complex purification buffer
supplemented with 2 mM phenylmethylsulfonyl fluoride (PMSF). The sus-
pension was cleared by centrifugation at 18 000 rpm 4 °C for 1 h using JA-20
rotor (Beckman Coulter) and complexes from soluble fraction were captured
by Strepll-affinity chromatography using StrepTrap HP (Cytiva) columns and
eluted using StCsm complex purification buffer with 2.5 mM desthiobiotin.
Complexes were subjected to size exclusion chromatography and fractionated
according to complex size, which is dependent on crRNA maturation level
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(Tamulaitis et al., 2014). crRNA samples from different fractions were ex-
tracted by phenol/chloroform and analysed by electrophoresis under denatur-
ing conditions in 0.5X TBE buffer. Fractions in which fully matured 40 nt
crRNA species was dominant were merged and incubated overnight with TEV
protease (1 mg TEV per 50 Az x mL units of StCsm complex) in StCsm
complex purification buffer supplemented with 15 mM DTT at 4 °C. To dis-
card His-tagged TEV protease and uncleaved Strepll-tagged complexes the
mixture was subjected to HisTrap HP (Cytiva) and StrepTrap HP columns.
The flow-through was collected, dialyzed against StCsm complex storage
buffer and stored at -20 °C.

Camil proteins. E. coli DH10B was transformed with plasmids encoding
WT and mutant Camil proteins (Appendix 1). Bacteria were incubated with
shaking in LB broth supplemented with 25 pg/mL streptomycin and 50 pg/mL
ampicillin at 37 °C until bacterial optical density ODeoo reached 0.6. Cultures
were induced with arabinose to final 0.2% concentration and incubated over-
night at 16 °C. Biomass was collected by centrifugation at 7000 rpm 4 °C for
10 min using F12-6x500 LEX rotor (Thermo Scientific). Biomass was sus-
pended (20% w/v) in Camil purification buffer supplemented with 2 mM
PMSF and 40 mM imidazole and lysed by sonication. Lysates were cleared
by centrifugation at 18 000 rpm 4 °C for 1 h using JA-20 rotor (Beckman
Coulter). Supernatant was subjected to HisTrap 5 mL (Cytiva) column and
proteins were eluted by linearly increasing imidazole concentration to 500
mM in Camil purification buffer. Fractions with eluted proteins were sub-
jected to StrepTrap 1 mL (Cytiva) column and eluted with Camil purification
buffer including 2.5 mM desthiobiotin. Eluted proteins were dialysed to
Camil storage buffer and stored at -20 °C. Protein content was analysed by
denaturing samples in protein gel loading solution and performing gel electro-
phoresis. Bands were depicted using PageBlue Protein Staining Solution
(Thermo Scientific).

bL12. E. coli BL21(DE3) was transformed with pSV281-L12 (Appendix
1). Bacteria were incubated with shaking in LB broth supplemented with 50
ug/mL kanamycin at 37 °C until bacterial optical density ODggo reached 0.6.
Cultures were induced with IPTG to final 0.5 mM concentration and incubated
for 3 h at 37 °C. Biomass was collected by centrifugation at 7000 rpm 4 °C
for 10 min using F12-6x500 LEX rotor (Thermo Scientific). Biomass was sus-
pended (20% wi/v) in bL12 purification buffer supplemented with 2 mM
PMSF and 40 mM imidazole and lysed by sonication. Lysates were cleared
by centrifugation at 18 000 rpm 4 °C for 1 h using JA-20 rotor (Beckman
Coulter). Supernatant was subjected to HisTrap 5 mL (Cytiva) column and
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proteins were eluted by linearly increasing imidazole concentration to 500
mM in bL12 purification buffer. Fractions with eluted proteins were subjected
to TEV protease cleavage (mass ratio of TEV to bL12 equalling 1:100) over-
night at 4 °C with cleavage reaction samples supplemented with 15 mM DTT.
After cleavage the protein sample was subjected to desalting column (Cytiva)
and proteins were eluted with bL12 purification buffer. Then the sample was
subjected to HisTrap 1 mL (Cytiva) and the flow-through containing TEV-
cleaved tag-less bL12 was collected. Eluted proteins were dialysed to bL12
storage buffer, snap frozen using liquid nitrogen and stored at -80 °C.

2.2.4.Preparation of RNA substrates

S3/a, S3/n and NS RNA. RNA substrates for StCsm binding and activity
assays (Appendix 2) were produced by in vitro transcription. For this DNA
matrices were amplified from pUC18_S3/2, pUC18_S3/n and pUC18_NS us-
ing appropriate DNA primers encoding a flanking T7 RNA polymerase pro-
moter sequence at 5'-end of desired RNA coding region. Purified PCR prod-
ucts were used in the in vitro transcription reaction to obtain RNA substrates
using TranscriptAid T7 High Yield Transcription Kit (Thermo Scientific) ac-
cording to manufacturer recommendations. RNAs were purified and concen-
trated using GeneJET RNA Cleanup and Concentration Micro Kit according
to supplied protocol and stored at -80 °C.

For RNA binding experiments the substrates at 500 nM concentration
were dephosphorylated using 0.05 u/uL FastAP in 0.5X PNK reaction buffer
A for 10 min at 37 °C. Mixture was supplemented with EDTA to 5 mM and
alkaline phosphatase was heat-inactivated for 10 min at 75 °C. PNK reaction
buffer A was added to final 1.5X concentration and dephosphorylated RNA
adjusted to 250 nM was 5'-radiolabelled using 0.25 pCi/uL [y-*P]-ATP
(PerkinElmer) and 0.5 u/ uLL. T4 PNK (Thermo Scientific) for 30 min at 37 °C.
Reaction mixture was again supplemented with EDTA to final 20 mM con-
centration, mixed with RNA Loading Dye (Thermo Scientific) and heated for
10 min and 75 °C. Electrophoresis of the reaction mixture in denaturing 20%
PAAG was performed in 0.5X TBE to separate unincorporated label and gel
pieces containing labelled substrates were excised. Gel was crushed and
soaked with 1 mM EDTA solution overnight at 4 °C with shaking. Extracted
RNA was purified using GeneJET RNA Cleanup and Concentration Micro
Kit and concentration was estimated by comparing gel band intensities be-
tween gel-purified and unpurified substrates.
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For fluorescence measurements each substrate was simultaneously hy-
bridized to two fluorescently labelled DNA oligonucleotides “Green-probe”
(ATTO532-1abelled and complementary to 5’-end of S3/a, S3/n and NS RNA
substrates) and “Red-probe” (ATTO647N-labelled and complementary to 3'-
end of RNA substrates) (Appendix 2) by heating the RNA and DNA mixture
to 95 °C and cooling to 4 °C at 1 K/min in 16 mM Tris-acetate, 33 mM K-
acetate and 5 mM EDTA.

S3/iL RNA. Internally ATTO647N-labelled substrate S3/iL (Appendix 2)
was ordered from Eurofins Genomics.

rib-UAG, rib-UAG-OMe, rib-NNN RNA. rib-UAG and rib-UAG-OMe
RNA substrates were purchased from Metabion (Appendix 2). rib-UAG-OMe
has the same sequence as rib-UAG with additional 2’-O-methyl (OMe) modi-
fications in three consecutive nucleotides constituting “UAG” motif. rib-NNN
was produced by in vitro transcription using TranscriptAid T7 High Yield
Transcription Kit and purified as described above. For this a synthetic DNA
duplex containing T7 promoter and a degenerate NNN motif in the template
strand was used as transcription matrix.

These substrates were 5’-radiolabelled as described above except that for
rib-UAG and rib-UAG-OMe the dephosphorylation step was skipped.

2.2.5.Electrophoretic mobility shift assays

50 pM of radiolabelled substrate (S3/a or NS) was incubated with 0.1
100 nM of WT StCsm complex in StCsm binding buffer for 10 min at room
temperature. Reaction mixtures were analysed by electrophoresis on native
8% PAAG in 1X TAE and depicted using a phosphorimager. Each assay was
performed in duplicate.

2.2.6.Fluorescence correlation spectroscopy

Time-resolved fluorescence correlation spectroscopy (FCS) measure-
ments were carried out on a Microtime 200 setup (PicoQuant) in time-corre-
lated single photon counting mode. Samples were excited in a confocal vol-
ume by two lasers at 532 nm and 638 nm with a power after all optical filters
of 12.9 and 13.4 uW, respectively. The lasers were operated in pulsed inter-
leaved excitation (PIE) mode with pulse widths of 50 ps at a repetition rate of
20 MHz. Reactions were mixed in a droplet on cleaned cover slides. Cover
slides were sonicated for 10 min in acetone, 10 min in isopropanol and 20 min
in 5 M KOH and afterwards thoroughly washed with milli-Q water and blown
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dry with nitrogen. Reactions were prepared by mixing 10 nM (all final con-
centrations) of StCsm (WT or RNase-dead as indicated) with 2 nM of fluores-
cent DNA:RNA hybrid substrates or S3/iL (Appendix 2) in StCsm reaction
buffer without MnCl, and incubated for 5 min. Reactions were started by add-
ing MnCl; solution to final 0.5 mM concentration and fluorescence fluctua-
tions were constantly registered at 25 °C.

All FCS measurements were analysed using PAM (PIE analysis with
MATLAB), which is a software package that allows quantitative analysis of
fluorescence microscopy data obtained using pulsed interleaved excitation
(Schrimpf et al., 2018). Within the software, the cross-correlation (cross sim-
ilarity) function G;; () is calculated according to:

_(ROF ¢ +1)
FONE©)

Gij(v) (2.1)

where (F;(t)) and (F;(t)) are the time averaged fluorescence signals of the
two fluorescent channels i and j, and F;(t) and F;(t + 7) are the fluorescence
intensities at a given real time-point (t) and at the time-point shifted by the
lag time (t + t) (Lakowicz, 2006). When data from a single fluorescence
channel is analysed Equation 2.1 is reduced to autocorrelation (self-similarity)
function by setting i = j (Lakowicz, 2006):

(F)F(t + 1))

G(1) = ()2

(2.2)

Exported correlation curves G;;(t) or G (r) were then plotted and analysed us-
ing custom Python (version 3.8) scripts and fitted by three-dimensional mol-
ecule diffusion models (see text in Section 3.1.1) using a non-linear least
squares method (“curve_fit”), which is part of the SciPy package (Virtanen et
al., 2020). Cross- or autocorrelation analysis and subsequent diffusion model
fitting was performed for each consecutive one-minute interval of fluores-
cence fluctuation signals allowing to track changes of labelled molecule in-
tegrity or diffusion during the real reaction time.

2.2.7.DNase activity assays

A fluorophore-quencher dual-labelled DNA oligonucleotide (FQ-DNA,
Appendix 2) was used as a substrate in StCsm DNase activity assays. Reaction

57



mixtures were prepared in steps using StCsm reaction buffer. First 100 nM
(all final concentrations) of FQ-DNA and 2 nM (unless indicated otherwise)
of substrate RNA were preincubated for 5 min. Then WT or RNase-dead
StCsm was mixed in to final 2 nM concentration, solution was transferred to
150 pl cuvette (Hellma Analytics). At 10 s post StCsm addition the cuvette
was transferred to Cary Eclipse fluorescence spectrometer (Agilent) to record
changes in fluorescence at 25 °C. The excitation wavelength was set to 495
nm and the emission wavelength was recorded at 518 nm, both with a slit
width of 10 nm. The photomultiplier tube voltage was set to 550 V. The fluo-
rescence signal was transformed to cleaved DNA using a linear scaling factor,
which was obtained by measuring the saturated signal of known amounts of
FQ-DNA being fully cleaved by micrococcal nuclease (New England Biolabs)
(Appendix 4). For this FQ-DNA at concentrations of 10, 20, 30, 40, 50, 60, 80
and 100 nM were degraded by 10 U/ul micrococcal nuclease in supplied
buffer supplemented with 0.5 mM MnClI.. All fluorescence time traces were
analysed using custom Python (version 3.8) scripts. All model fits (see text in
Section 3.1.2) were performed using a nonlinear least-squares method
(“curve_fit”), which is part of the SciPy package (Virtanen et al., 2020).

2.2.8.SEC-MALS

50-800 ug of each WT Camil protein sample was loaded on a HilLoad
16/60 Superdex 200 prep grade column (GE Healthcare) equilibrated with
SEC-MALS buffer. Light scattering signal in elutes was detected by mini-
Dawn TREOS I detector, protein sample concentration was registered by Op-
tilab T-reX refractive index detector (Wyatt Technologies). Data were ana-
lysed in Astra software (Wyatt Technologies) using dn/dc value of 0.185
g/mL.

2.2.9.Protein crystallization and structure determination

For crystallization of WT AvCamil an aliquot of protein was rebuffered
using NAP-5 column with saline buffer (20 mM Tris-HCI (pH 8.5 at 25 °C),
150 mM NaCl, 3 mM DTT) and concentrated using 30 kDa cut-off centricons
(Millipore) to the final concentration of 4-10 mg/mL. Crystals were prepared
by mixing in a 1:1 ratio of the concentrated AvCamil solution with the pre-
cipitating solution containing 0.1 M MOPS/HEPES (pH 7.5 at 25 °C), 0.2 M
sodium formate, 0.2 M ammonium acetate, 0.2M sodium citrate, 0.2 M potas-
sium sodium tartrate, 0.2 M sodium oxamate, 10% (v/v) PEG 20K, 40% (v/v)
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PEG 400. Drops were equilibrated against the reservoir solution. Crystals
grew at 19 °C in sitting-drop vapor-diffusion crystallization plates. The native
apo-Camil dataset was collected to the nominal resolution of 1.7 A at the
EMBL/DESY Petra Il P14 beamline (Hamburg, Germany) at 100 K. The
SAD dataset of selenomethionine labelled Camil was collected at DESY Petra
Il P11 beamline (Hamburg, Germany). XDS (Kabsch, 2010), SCALA and
TRUNCATE (Agirre et al., 2023) were used for data processing. The data
collection and refinement statistics are presented in Appendix 5. The structure
was solved using SAD protocol of Auto-Rickshaw, the EMBL-Hamburg au-
tomated crystal structure determination platform (Panjikar et al., 2005). The
input diffraction data were prepared and converted for use in Auto-Rickshaw
using programs of the CCP4 suite (Agirre et al., 2023). FA structure factors
values were calculated using the program SHELXC (Sheldrick, 2010). Heavy
atoms positions were found using the program SHELXD (Sheldrick, 2010).
The correct hand for the substructure was determined and initial phases were
calculated by SHELXE (Sheldrick, 2010). The initial phases were improved
using the density modification program PARROT (v. 1.0.4) (Agirre et al.,
2023). The initial model containing 739 residues was built by the program
BUCANEER (v. 1.5) (Agirre et al., 2023). The model was improved by sev-
eral cycles of refinement in Phenix (v. 1.19.2) (Afonine et al., 2012) and man-
ual inspection in Coot (Emsley and Cowtan, 2004). Structural images and
snapshots were prepared using PyMOL (Schrédinger, LLC, 2015).

2.2.10. Ring nuclease activity assays

Cyclic tetra-adenylate (cA4) and cyclic hexa-adenylate (cAs) were pur-
chased from Biolog Life Science Institute. 10 uM of cA4 or cAs Was incubated
with WT Camil proteins or AvCamil CARF domain mutants at final 1 uM
concentration in RN buffer for 2 h at 37 °C. Reactions were stopped by freez-
ing with liquid nitrogen and subjected to HPLC-MS analysis (Methods
2.2.11). Reaction products were identified based on accurate mass and reten-
tion times. For time course experiments a larger reaction volume was set up,
reactions were stopped at different time points (0, 4, 8, 16, 32, 64 min) and
processed as above.

cA, cleavage kinetics. To directly visualize the hydrolysis of cA4, o?P-
labeled cA4 was prepared by mixing 0.2 uM Candidatus C. acidaminovorans
Csm complex with 10 uM CCa target RNA, 0.5 mM ATP and 1 uM [a-
$2P]JATP in cOA synthesis buffer and incubating at 37 °C for 4 h. Synthesis
products were separated by denaturing PAGE (24% 19:1
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acrylamide:bisacrylamide, 6 M urea in 0.5X TBE) and cAs was purified from
the gel by phenol extraction and ethanol precipitation. a®?P-cA4 hydrolysis re-
actions were conducted in RB buffer and contained 20 nM of 0*’P-cA. Reac-
tions were started by adding 200 nM of WT AvCamil and were carried out at
37 °C. 2 pl aliquots were taken at indicated time points and reactions were
guenched by mixing with equal amount of 2X RNA Gel Loading Dye
(Thermo Fisher Scientific) preheated to 75 °C. Reaction products were ana-
lysed by denaturing PAGE (30% 19:1 acrylamide:bisacrylamide, 6 M urea in
0.5X TBE) and visualized by autoradiography. For single turnover reactions,
kobs Were determined by fitting a single exponential to the substrate depletion
data.

2.2.11. HPLC-MS analysis

To analyze the cAs and cAg hydrolysis products, electrospray ionization
(ESI) mass spectrometry (MS) was performed in negative mode using an in-
tegrated reverse phase HPLC/ESI-MS system (1290 Infinity, Agilent Tech-
nologies/Q-TOF 6520, Agilent Technologies). For the cAs and cAs cleavage
product analysis a Supelco Discovery®HS C18 column (7.5 cm x 2.1 mm, 3
um) was used. Elution was performed with a linear gradient of solvents A (5
mM ammonium acetate in water, pH 7.0) and B (5 mM ammonium acetate in
methanol, pH 7.0) at a flow rate of 0.3 ml/min at 30 °C as follows: 0—2 min,
0% B; 2—22 min, 20% B; 22—25 min, 50% B, 25-29 min 100% B. lonization
capillary voltage was set to 5000 V and fragmentor voltage was set to 150 V.
The results were analyzed with Agilent MassHunter Qualitative Analysis soft-
ware. The cAs and cAs hydrolysis products were annotated based on accurate
mass, retention time from synthesized standards and deprotonated molecular
ions (Appendix 6).

2.2.12. In vitro RNA cleavage assays

RNA cleavage assays were adapted from (Griffin et al., 2013) with mod-
ifications. 5'-radiolabelled rib-UAG, rib-UAG-OMe or rib-NNN substrates
used in these assays were prepared as described in Methods 2.2.4. For ribo-
some complex formation 40 nM of labelled RNA substrate was mixed with
60 nM of unlabelled RNA substrate, 300 nM of E. coli 70S ribosomes and 400
nM of tRNA™et in RB buffer and incubated for 30 min at 37 °C. Ribosome
complexes were 2.5-fold diluted in RB buffer, supplemented with 10 uM cA4
(final concentration) and reactions were initiated by adding an equal volume
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of Camil WT or mutant proteins to 300 nM final concentration if not indicated
otherwise. Single endpoint reactions were performed at 37 °C for 15 min. Re-
actions were quenched by adding an equal amount of 2X RNA Gel Loading
Dye (Thermo Fisher Scientific) and heating at 70 °C for 10 min. Reaction
products were separated on a denaturing 15% polyacrylamide gel and depicted
by phosphorimaging.

RNA markers. To map the cleavage products, oligoribonucleotide mark-
ers were generated by RNase T1 (Thermo Fisher Scientific, 0.006 U/uL final
concentration) treatment of rib-UAG for 15 min at 50 °C or by alkaline hy-
drolysis in 50 mM NaHCOs (pH 9.5), 1 mM EDTA at 95 °C for 15 min.

RelE mutant activity. For kinetic analysis 3 uM of WT AvCamil protein
or its RelE domain point mutants were used in reaction mixtures with ribo-
some complexes programmed with rib-UAG substrate as described above. Re-
actions were incubated at 15 °C for up to 2 h. Aliguots were removed at timed
intervals and processed as described above. Decline of RNA substrate over
reaction time was evaluated by densitometric analysis of gel autoradiographs.
Reaction rate constant k,j, for WT and mutants were determined by fitting
the data points to a single exponential:

S(t) = (100% — So,)e Kobst + 5, 2.3

where S(t) is the proportion (in %) of RNA substrate at time t, k,ps is Ob-
served cleavage rate constant and S, is the proportion of uncleaved RNA. Fit-
ting was done using KYPLOT 2.0 software (Yoshioka, 2002). Mean and
standard deviation of k, is reported from three technical replicates for each
variant.

Different activators. Cleavage of rib-UAG RNA substrate by AvCamil
in the presence of different activators was done in activator concentration se-
ries. For this ribosome complexes were formed: 40 nM of labelled rib-UAG
was mixed with 60 nM of unlabelled rib-UAG, 300 nM of E. coli 70S ribo-
somes and 400 nM of tRNA™¢t in RB buffer and incubated for 30 min at 37
°C. Ribosome complexes were 2.5-fold diluted in RB buffer, supplemented
with 0, 1, 10, 100, 1000 or 10000 nM (final concentrations) of either cA4 or
As>p and reactions were initiated by adding an equal volume of WT AvCamil
to 300 nM final concentration. Reactions were incubated for 15 min at 37 °C,
guenched and analysed as described above.

Multiple turnover conditions. For reactions under multiple turnover con-
ditions 50 nM of WT AvCamil or SI1A mutant was mixed with 1 uM
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ribosomes programmed with 1.3 uM tRNA™¢t 490 nM unlabelled rib-UAG
and 10 nM labelled rib-UAG and 10 uM cA. (all final concentrations). Reac-
tions were incubated at 37 °C. Aliguots were removed at timed intervals, pro-
cessed and analysed as described above.

Substrate variants. Cleavage of rib-UAG-OMe RNA substrate which has
2'-OMe modified UAG codon nucleotides was tested in the same reaction
setup as above using 1.5 uM of different WT Camil proteins. Similarly, the
cleavage of rib-NNN substrate in which UAG codon is replaced by three ran-
dom ribonucleotides was performed using 1.5 uM of Camil proteins. Reac-
tions were incubated for 15 min at 37 °C. Reactions were quenched and ana-
lysed as described above. Proportion of cleaved substrate was determined by
densitometric analysis of the autoradiographs.

2.2.13. Cryo-EM

Sample preparation. 500 nM (final concentrations are denoted) E. coli
70S ribosomes were mixed with 2.5 uM rib-UAG-OMe RNA substrate (Ap-
pendix 2) and 1 uM tRNA™ in cryoRB buffer and incubated for 15 min at 37
°C. The programmed ribosomes were mixed with 10 uM cAs; and 5 UM
AvCamil-S11A-H343A, incubated for 5 min at 15 °C and chilled on ice for
up to one hour before loading on grids. 1.2/1.3 Cu 300 mesh grids (Quantifoil)
were glow discharged for one minute at 20 mA and coated with graphene ox-
ide. For this graphene oxide dispersion (Sigma) was diluted in deionised water
to 0.2 mg/mL and spun down at 300g for 10 s to remove aggregates. Superna-
tant was applied to a glow discharged grids, incubated for one minute and
removed using blotting paper. Grids were washed three times with deionised
water and dried for 5 min on blotting paper. Ribosome complex was applied
to prepared grids and frozen in liquid ethane using Vitrobot Mark IV (Thermo
Fisher) set at 4 °C and 95% humidity with 30 s wait time, 5 s blot time and +5
blot force. Two grids were prepared side-by-side using the same sample.

Data collection. Data collection from both grids was performed using
EPU v3.0 software (Thermo Fisher Scientific) with the same settings. Grids
were imaged on a Glacios Cryo-TEM (Thermo Fisher Scientific) operating at
200 kV equipped with a Falcon 3EC direct electron detector (Thermo Fisher
Scientific) in counting mode at a nominal magnification of 92,000x corre-
sponding to a calibrated pixel size of 1.12 A. Exposures of 46.33 s were dose-
fractionated into 30 frames with a total dose of 30.58 electrons/A2. The defo-
cus targets ranged from —1.0 to —2.0 pm.
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Image processing. Data processing was performed using cryoSPARC (v.
3.3.1) (Punjani et al., 2017). For both datasets patch-based motion correction
and contrast transfer function (CTF) estimation was performed and micro-
graphs with poor CTF fit or contamination were discarded. Particles of 300-
350 A in size were picked using an automatic blob-based picker and extracted
using a box size of 400 px. Particles from both datasets were combined (total-
ling 642,401 particles) and processed as displayed in Appendix 7. After 2D
classification and subsequent homo- and heterogeneous refinement steps, par-
ticles were split into five groups with only one (277,364 particles) showing
faint density of AvCamil in the A-site of 70S ribosome. This group was sub-
jected to focused 3D classification without alignment using a mask covering
A-site of the ribosome. Classes in which A-site was occupied by AvCamil
(158,387 particles) were selected for local motion correction and ribosome
complex reconstruction. Using this set three local refinement jobs were per-
formed in cryoSPARC by focusing on different parts of the ribosome com-
plex: A-site, 30S subunit with EPA-sites, or 50S subunit. A composite map of
the ribosome-AvCamil complex was prepared using phenix.combine_fo-
cused_maps function in Phenix (v. 1.20.1-4487) and sharpened using phe-
nix.auto_sharpen (Terwilliger et al., 2018). Map resolution was calculated us-
ing separately combined corresponding half-maps.

Model building and refinement. E. coli ribosome at a resolution of 2.00
A (PDB ID: 7K00) (Watson et al., 2020) was rigid-body fitted into the com-
posite map using UCSF-ChimeraX (v. 1.3) (Pettersen et al., 2021), then each
protein and RNA chain was fitted separately. Additional ribosomal proteins
bL10 and bL11 were fitted from another E. coli ribosome structure (PDB ID:
4YBB, chains DI and DJ, respectively) (Noeske et al., 2015). Starting model
for tRNA™¢t was taken from the ribosome structure (PDB ID: 5IQR) (Brown
et al., 2016), however the map for the tRNAs is not well resolved, probably
due to partial occupancy. Our crystal structure of the AvCamil dimer was
fitted in the remaining portion of the map using UCSF-ChimeraX. The
AvCamil structure was manually adjusted in the composite map using Coot
(v. 0.9.7) (Emsley and Cowtan, 2004). The C-terminal domain of the 50S ri-
bosomal protein L12 (PDB ID: 1RQS, residues 54-119) (Bocharov et al.,
2004) was fitted near the wHTH domain of AvCamil using UCSF-ChimeraX
and manually adjusted in Coot. The map of mMRNA was poor and allowed
modelling only of 3 nt interacting with the P-site tRNA™et, The final model
was obtained by several rounds of manual adjustment in Coot and real-space
refinement in Phenix. Details of data collection, processing, and refinement
statistics are summarized in Appendix 8.
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2.2.14. bL12 interaction with AvCamil assays

To assess Camil mRNA interferase activity dependence on bL12 we
used WT E. coli 70S and 70SAbL12 ribosomes and E. coli bL12 protein pro-
vided by (Carlson et al., 2017). WT, 70SAbL12, reconstituted 70S ribosomes
or a standalone bL12 protein were used to stimulate Camil activity. Reconsti-
tuted ribosomes were prepared before assays by incubating 400 nM
70SADbL12 ribosomes with 4 uM bL12 in cryoRB buffer for 15 min at 37 °C.
Single-point assays were performed for 15 min at 37 °C as described above
using 40 nM of different ribosome complexes (or 400 nM for bL12 protein)
with 20 nM of mRNA in cryoRB buffer. Reactions were initiated by adding
300 nM of Camil proteins (except for CCaCamil used at 3000 nM). Reactions
were supplemented with 10 uM cAa.

For the analysis of AvCamil wHTH domain mutants we incubated 10,
100 or 1000 nM of each mutant or WT AvCamil protein with a preformed
ribosome complex in RB buffer for 15 min at 37 °C in the presence of 10 uM
cAs. Reaction products were analysed using denaturing gel electrophoresis as
described in 2.2.12. The mean and standard deviation of the percentage of
cleaved substrate are reported from three technical replicates for each
AvCamil concentration.

2.2.15. Bio-Layer Interferometry (BLI)

BLI experiments were performed using an Octet K2 system (ForteBio).
His-tagged S11A, S11A+T213R, S11A+Q210A+E212A or
S11A+Q210A+E212A+E238A AvCamil mutants was immobilized on Ni?*-
NTA sensor chips (ForteBio) as the ligand and the E. coli bL12 protein was
used as the analyte. NTA biosensors were hydrated for 10 min at 25 °C in
kinetics buffer prepared by supplementing RB buffer with 0.01% Triton X-
100, 10 mM imidazole and 0.1% BSA. Experiments were set up in 96-well
plate format using 200 pL reagent volumes. After a baseline step of 120 sec-
onds, AvCamil was immobilized on the NTA biosensors at a concentration
of 200 nM for 120 seconds with the stage rotation rate set at 1000 rpm. A
second baseline step of 120 seconds followed the immobilization to wash un-
bound AvCamil and to allow for signal stabilization. The 60 seconds associ-
ation, followed by 180 seconds dissociation protocol was used. The associa-
tion was monitored by transferring the ligand biosensors to wells containing
bL12 in a concentration of 500 nM, 1000 nM, 2000 nM and 4000 nM. A bio-
sensor without AvCamil ligand was used as a reference. Prior to each
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measurement in series with increasing analyte concentration biosensors were
regenerated by three cycles of 5 seconds incubation in 10 mM glycine pH 1.7
and 5 seconds in the kinetics buffer and recharged by incubation for 60 sec-
onds in 10 mM NiCl,. Assays were performed at 25 °C and mixtures were
supplemented with 1 uM of cA4 in appropriate measurement series. We report
the amplitudes of bL12 binding response normalized by the amplitude of
AvCamil ligand loading response.

2.2.16. In vivo survival assay

Bacteria expressing in vivo stimulated StCsm were prepared as previ-
ously with modifications (Smalakyte et al., 2020). For the expression of
StCsm proteins pStCsm_dNucleases plasmid was used. pCRISPR was used
for expression of four crRNAs complementary to Aequorea victoria GFP
MRNA encoded by pTarget. pTarget, pCRISPR and pStCsm_dNucleases
were electroporated in concert into E. coli ER2566. Bacteria were recovered
for 1 h in LB shaking at 37 °C and plated on LB agar with 25 pg/mL kanamy-
cin, 30 pg/mL chloramphenicol, 25 pg/mL streptomycin and 1% w/v glucose.
Transformants were confirmed by colony PCR. Single colonies of bacteria
were picked to prepare chemically competent bacteria which were trans-
formed with pAvCamil, pCaCamil, pCCaCamil, pChCamil, pAvCamil-
S11A or pAvCamil-S11A-K317A mutant plasmids or empty pBAD/HisA
vector. Overnight inoculates prepared from single colonies in LB with appro-
priate antibiotics and 1% glucose were 1:200 diluted in LB with antibiotics
and incubated in a 96-well plate for 1 hour with shaking at 37 °C. IPTG and
arabinose were added to each well to 0.1 mM and 0.2% final concentrations,
respectively, and bacterial growth was monitored for 12 h by measuring ODsoo
every 10 min. Means with standard deviations of three biological replicates
are reported for each experiment.

2.2.17. Northern blot analysis of mRNA levels in E. coli

Overnight E. coli ER2566 cultures carrying pTarget, pCRISPR,
pStCsm_dNucleases and Camil variant encoding plasmid (pAvCamil
pCaCamil, pCCaCamil, pChCamil, pAvCamil-S11A, pAvCamil-S11A-
K317A) or empty pBAD/HisA vector were 1:100 diluted with selective LB
containing 1% wi/v glucose and incubated at 37 °C with shaking for 3 h. 6
ODsgoo x mL units (12-15 mL) of each variant were collected by centrifugation
at 3000 g for 5 min, LB with glucose was discarded. Bacteria were
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resuspended in 10 mL of selective LB with 1 mM IPTG and 0.2% arabinose
and additionally incubated at 37 °C for 1 h with shaking. RNA was extracted
using RNAsnap method with adaptations (Stead et al., 2012). Briefly, cells
were pelleted by centrifugation and resuspended in 500 pul. of RN Asnap solu-
tion. Mixtures were incubated for 10 min in boiling hot water bath, centrifuged
and the supernatant was collected. The RNA was separated using 6% denatur-
ing polyacrylamide gel and blotted onto Hybond-N+ membranes (Amersham)
using semi-dry blotting apparatus. Membranes were hybridized with 5'-radio-
labeled DNA oligonucleotide probes complementary to endogenous E. coli
genes (Appendix 2) in hybridization solution overnight at 40 °C with rotation.
Membranes were washed three times with washing solution for 10 min at 40
°C. Probed RNA was visualized by phosphorimaging. DNA oligonucleotides
were stripped from the membranes with boiling hot 0.1% SDS solution and
the same membranes were reused for hybridization with different probes.
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3. RESULTS AND DISCUSSION

Currently, type 1ll CRISPR-Cas systems are divided into six subtypes
from I11-A to IlI-F (Makarova et al., 2020b). Of these, type I1I-A and I11-B
systems are well understood, and their effector complexes are characterized at
structural and functional levels as summarized in Chapter 1.3.

The research group led by dr. Gintautas Tamulaitis is advancing the field
of type Il CRISPR-Cas by studying type I11-A effector complex from Strep-
tococcus thermophilus DGCC8004 (StCsm). Our studies showed that StCsm
recognizes crRNA-complementary RNA targets which are cleaved by com-
plex RNase Csm3 (Tamulaitis et al., 2014). Upon target RNA binding ssD-
Nase (Kazlauskiene et al., 2016) and polymerase-cyclase (Kazlauskiene et al.,
2017) activities are unleashed in Cas10 subunit. Functional analysis of StCsm
deletional mutants revealed the roles of each subunit for these activities (Mo-
gila et al., 2019). In addition to this we demonstrated that cAs synthesized by
StCsm Cas10 polymerase-cyclase activates accompanying ancillary CARF-
HEPN RNase Csm6 (Kazlauskiene et al., 2017; Smalakyte et al., 2020) exem-
plifying the cOA signalling pathway covered in Chapter 1.4.

This work is the continuation of type Ill CRISPR-Cas and StCsm re-
search. | begin this part of the thesis by presenting the results of StCsm Cas10
activity regulation studies using fluorescence methods (Chapter 3.1). In the
second part | present the structural and functional characterization of a novel
ancillary CARF protein Camil which inhibits translation in response to cOA
signalling (Chapter 3.2).

Describing the performed experiments and obtained results | use the term
“we” extensively. While it may seem odd to use the plural number in a doc-
toral thesis which is a personal work, the input from my colleagues was critical
to achieve the research goals and could not be left unnoticed. Therefore, the
results are presented as “ours” and individual contributions of my colleagues
are mentioned where appropriate in the main text and emphasized in the
Acknowledgements. This work is based on two publications with my personal
contributions outlined in the List of publications.

3.1. StCsm complex regulation by target RNA

Previously, it was observed that StCsm, when activated by target RNA,
slowly loses its ssDNase (Kazlauskiene et al., 2016) and polymerase-cyclase
(Kazlauskiene et al., 2017) activities over time. This effect was linked to target
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cleavage, however the timescales for these processes do not match — Cas10
activity diminishes in terms of hours, while RNA is cleaved within seconds
(overviewed in Section 1.3.3). Since RNA binding, but not cleavage, is re-
quired for type 1l effector complex activation, we hypothesized that RNA
cleavage products could remain bound to the complex which keeps it in the
activated state. To test this, we decided to directly track RNA dissociation
using fluorescence correlation spectroscopy and compare it with temporal de-
crease of Cas10 activity by measuring ssDNA cleavage rate dynamics.

3.1.1.Terminal RNA cleavage products are retained by StCsm

RNA is cleaved by StCsm in five positions every 6 nt by Csm3 which
yields several short internal fragments and two terminal fragments located at
both ends of the complex (Tamulaitis et al., 2014). To track the release of the
different RNA fragments from StCsm, we utilized a dual-colour FCS setup in
pulsed interleaved excitation mode, which allows monitoring the diffusion
properties of multiple biomolecules simultaneously. Within the setup, double-
fluorescently labelled RNA molecules are alternatingly illuminated with green
and red laser pulses within the diffraction limited spot of the laser focus and
the resulting fluorescence emission is measured in separate channels (see
Methods 2.2.6). Fluctuations of fluorescence signal correspond to labelled
RNA constantly entering and leaving the illuminated confocal volume either
bound or released from the complex (Fig. 3.1A). Processing the resulting fluc-
tuation trajectories using correlation analysis allows to monitor the propor-
tions of bound and released RNA fragments after the cleavage.

For these experiments we produced an StCsm complex devoid of purifi-
cation tags and enriched with homogenous crRNA containing S3 spacer from
S. thermophilus DGCC8004 CRISPR2 region (Tamulaitis et al., 2014 and
Methods 2.2.3). We designed 180 nt RNA substrates (Appendix 2) to be used
for fluorescent labelling and assessed their binding to WT StCsm by electro-
phoretic mobility shift assays (EMSA). Substrates S3/a and S3/n are comple-
mentary to S3 crRNA and show high affinity to WT StCsm compared to non-
complementary NS substrate (Fig. 3.1B). S3/a is not complementary to 5'-tag
allowing it to activate StCsm Cas10 protein when bound in the complex while
S3/n, being complementary to the whole crRNA including the 5’-tag, mimics
CRISPR region antisense transcript imitating self-targeting scenario and
Cas10 inhibition (see Section 1.3.3 and Appendix 3). Overall, EMSA shows
that crRNA-complementary substrates used in this study bind tag-less StCsm
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with Kq being in subnanomolar range as observed previously (Mogila et al.,
2019; Tamulaitis et al., 2014).

For FCS we labelled the substrates by annealing 5-ATTO647N-labelled
(“Red-probe”) and 3'-ATTO532-labelled (“Green-probe”) DNA oligonucleo-
tides to the 3'- and 5'-ends of the RNA, respectively (Appendices 2 and 3).
Upon binding by StCsm, the red ATTO647N label to be located on the Cas10-
proximal and green ATTO532 on the Cas10-distal side of the complex.

Before each FCS assay, StCsm complexes (at 10 nM) were pre-incubated
with RNA substrates (at 2 nM) in the absence of divalent ions to ensure full
crRNA-complementary substrate binding facilitated by the low StCsm Kj to
target RNA. Then, the RNase reaction was initiated by the addition of Mn?*
(in form of MnClz) which enables rapid RNA cleavage (Tamulaitis et al.,
2014). If the complex is bound to intact RNA or both terminal cleavage prod-
ucts, it often diffuses with both labels through the confocal volume resulting
in mutually similar fluctuation patterns between red and green fluorophores
displaying high cross-correlation. Upon terminal product release by StCsm,
the fluorophores begin to travel through the laser focus separately in uncorre-
lated fashion (Fig. 3.1A). Most of the FCS measurements were performed by
dr. Patrick Irmisch.

We first measured the RNA cleavage product release kinetics for the ac-
tivating target RNA S3/a substrate. To estimate the quotients of joint (either
not cleaved or bound together by StCsm after cleavage) and isolated diffusion
of the RNA ends, we calculated cross-correlation functions between the two
fluorescence signals (solid lines in Fig. 3.1C, see Methods 2.2.6). Cross-cor-
relation functions were fitted by a three-dimensional diffusion model to de-
scribe the correlation signal G depending on the lag time :

1 1
(1+5) /”ﬁ

where G, is the cross-correlation amplitude, t, is the mean diffusion time and
k = 4.9 (as obtained by the manufacturer) an instrument specific constant de-
scribing the vertical stretching of the confocal volume compared to a sphere
(dashed lines in Fig. 3.1C, see Methods 2.2.6). The amplitude of the cross-
correlation curve is proportional to the concentration of double-labelled spe-
cies (Bacia and Schwille, 2007). In this case, G, was proportional to the

G(t) =Gy

(3.1)
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Fig. 3.1. Dual colour FCS analysis of RNA cleavage product retention by StCsm.
(A) Scheme of StCsm and labelled RNA diffusing through the confocal excitation
volume in the reaction mixture. 3’ and 5’ ends of RNA substrate are indicated. (B)
StCsm affinity to RNA substrates assessed by EMSA. Each assay was performed
twice. (C) Fluorescence cross-correlation curves as function of lag time measured for
S3/a substrate at different time points of the reaction (coloured solid lines). Each curve
was calculated from one-minute intervals of fluorescence signal fluctuations of a five-
hour long reaction course. Fits of the data to three-dimensional diffusion model are
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shown as dashed lines. Representative set of curves of three independent measure-
ments are displayed. (D) Cross-correlation amplitude G, obtained from one-minute
fluctuation traces as a function of wall-clock reaction time for the activating target
RNA S3/a in absence (grey) and in presence of StCsm (blue). (E) Cross-correlation
amplitudes of WT StCsm reactions on different labelled RNA substrates: S3/a (blue),
S3/n (cyan), NS (magenta). (F) G, function of reaction time in reaction mixtures con-
taining S3/a RNA with either WT StCsm (blue), RNase-dead StCsm (orange) or no
complex (grey). In (D), (E) and (F) solid lines indicate the mean of three independent
measurements, while coloured areas indicate the range between minimum and maxi-
mum measured values at each time point. All traces were normalized by the first data
point. NS — non-specific RNA substrate.

concentration of joint RNA ends in the reaction mixture at selected one-mi-
nute time intervals (Fig. 3.1C). Plotting the G, as function of wall-clock reac-
tion time over a five-hour long reaction course revealed an exponential decay
(blue curve in Fig. 3.1D). As a control, we measured the same RNA substrate
in the absence of StCsm displaying only a small decrease of G, during the
incubation (grey curve in Fig. 3.1D). To extract quantitative parameters, we
normalized the cross-correlation amplitude in the presence of StCsm by the
amplitude measured in the absence of it. Normalized data was described by a
single exponential decay:

R(t) = (1 — Re,)et/(tretain) + R, (3.2)

with R(t) being amplitude at time ¢, R, being remaining amplitude at infinite
time reflecting uncleaved or unreleased RNA and (t,.+4in) being the mean
RNA end retention duration. Fits to three independent measurements yielded
(tretain) = 84 £ 1 min.

We conducted a series of experiments with different RNA substrates
showing that crRNA-complementary substrate (either S3/a or S3/n) cleavage
by WT StCsm gives a substantial reduction of G, over time while StCsm in-
cubation with non-specific NS substrate displays only modest drop of G, sig-
nifying no cleavage (Fig. 3.1E). While S3/n is complementary to both spacer
and 5'-tag sequence of crRNA, this does not affect terminal cleavage product
retention in cross-correlation mode compared to S3/a, which is not comple-
mentary to 5'-tag. Reaction mixtures of S3/a incubated with RNase-dead
StCsm or without a complex show modest reduction of G, compared to those
with WT StCsm (Fig. 3.1F). These results confirm that the substantial drop of
cross-correlation amplitude is caused by specific RNA cleavage by Csm3 sub-
unit of the complex and subsequent diffusion.
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We explored the RNA fragment release further and investigated whether
the drop of the cross-correlation amplitude could be attributed to the release
of a single RNA end at one of the sides. To accomplish this, we reanalysed
the fluorescence data of WT StCsm cleavage of double-labelled S3/a substrate
by calculating separate autocorrelation functions (see Methods 2.2.6) for ei-
ther the red or the green detection channel, corresponding to Cas10-proximal
3'-end terminal product or Cas10-distal 5’-end terminal product, respectively
(Fig. 3.2A and Appendix 3). A shift of autocorrelation curves towards shorter
timescales during the reaction course was observed. This is consistent with
gradual accumulation of RNA ends released from the StCsm, since the free
RNA ends diffuse faster through the confocal volume due to their smaller size
(Ries and Schwille, 2012). For a quantitative description of the autocorrelation
curves, we expanded the previous model by including two diffusing species
to account for slowly diffusing RNA ends bound to StCsm, and rapidly dif-
fusing free RNA ends.
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Fig. 3.2. Fluorescence autocorrelation spectroscopy discerns the retention of ter-
minal RNA cleavage products. (A) Autocorrelation curves of the Cas10-proximal
(red ATTOB647N label) and Cas10-distal (green ATTO532 label) terminal products of
the activating target RNA S3/a measured at 1 min and 180 min after reaction start
(solid lines). Dashed lines show fits to models (see text) including slowly and rapidly
diffusing species. Representative curves of three independent measurements are dis-
played. (B) Normalized (according to the first datapoint) mean diffusion time plotted
as a function of reaction time for the Cas10-proximal and Cas10-distal end of the
activating target RNA S3/a in the presence (red and green solid lines, respectively)
and absence (grey solid lines) of StCsm. Fitted single exponential decay models
(Equation 3.5) are shown as dashed lines.
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Autocorrelation curves of the red fluorophore was fitted using updated
model including two diffusing species with separated amplitudes G; and G,
and diffusion times 7, and 7,:

1 1 1 1
+ G,

(1+TT—1) 1+k;T1 (1+%) 1+k2%2.

G(1) = G, (3.3)

Similarly, for green autocorrelation a model accounting for two species
was also utilized. Yet, a noticeable portion of green dyes were excited to the
triplet state. The fluorophores do not exhibit fluorescence when in triplet state
which lasts for a few microseconds in aqueous solutions (Ha and Tinnefeld,
2012). This blinking causes the increase of autocorrelation in microsecond
range (Fig. 3.2A). Since it is not related to molecular diffusion occurring at
the timescales of milliseconds, the model was expanded by an additional am-
plitude T and triplet-state lifetime 7 (Lakowicz, 2006):

1 1 1

1
+G
(1+%) 1+k271_1 2(1+£) 1+k2T‘L'2

¢ =16 (1+Le 7). (34

Models agreed the experimentally determined autocorrelation curves
over the full range of lag times (dashed lines in Fig. 3.2A). From the best-fit
parameters, we calculated weighted mean diffusion time of both species t,
for each consecutive one-minute interval of the reaction course:

G171 + Gy,
Tp = W (35)
We plotted 7, as a function of the reaction wall-clock time as a measure

for the release of the respective RNA end (solid lines in Fig. 3.2B). The mean
diffusion time again showed an exponential decay during the reaction in the
presence of WT StCsm, while in its absence only an insignificant change
could be observed. We fitted a single exponential decay model (analogous to
Equation 3.2, marked by dashed lines in Fig. 3.2B) to the obtained time
courses and obtained a mean retention duration (t,,oximq) = 84 £ 2 min of

Cas10-proximal product and (t;s¢q;) = 119 £ 3 min of Cas10-distal product.
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Assuming independent release, the mean retention duration for at least
one of the ends could be obtained by:

1 1 1

(tretain,ind) B (tproximal> (tdistal)’

(3.6)

which would give (t,c¢qin,ina) = 50 min. However, the observed duration for
both end release is (t,etqin) = 84 £ 1 min (from Fig. 3.1D), which apparently
is limited by Cas10-proximal product release. This disagreement suggests
some degree of cooperation or interdependency between Cas10-proximal and
distal RNA end product release requiring additional investigation. Neverthe-
less, autocorrelation analysis confirmed that both terminal ends are retained
for more than an hour after cleavage.

Next, we tested on what timescales the internal fragments are released.
To probe this, we used a 68 nt RNA substrate that carried an internal
ATTOG647N fluorophore (S3/iL, Appendix 2). The label is located within the
binding region of Csm3.3 in StCsm complex (Appendix 3). We measured the
fluorescence signal after the addition of Mn?* ions to reaction mixture con-
taining WT StCsm and S3/iL. Calculating autocorrelation functions revealed
that the ternary complex with the S3/iL initially exhibits a comparable diffu-
sion behaviour as the ternary complex with the end labelled target RNA (yel-
low curve in Fig. 3.3A). During the reaction, the autocorrelation curve shifted
towards lower timescales significantly faster than that of the end labels (blue
curve in Fig. 3.3A). To quantify our observations, we fitted a two-species dif-
fusion model (Equation 3.3). The resulting fits reproduced the autocorrelation
curves well (dashed lines in Fig. 3.3A). We calculated the mean diffusion time
of both species (Equation 3.5) for the whole 60 min reaction course processed
as previously in one-minute intervals. Plotting the resulting mean diffusion
times versus time suggested a biphasic decay (blue trace in Fig. 3.3B). We
fitted a biphasic decay model using a sum of two exponential decays to the
diffusion time 7, (t) data:

Tp(t) = Aje /&) 4 Aye=t/0) 7, (3.7)
with 7, being the diffusion time of the short fragments at the end the experi-
ment and 4, = 1 — A, — 74 and A, being the amplitudes of the species ex-

hibiting the mean retention times (t,) and (t,), respectively. The resulting fit
described the data (dashed line in Fig. 3.3B) and provided the mean retention
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times. Comparison of (t,) and (t,) suggested that internal products are re-

leased at different timescales. Thus, we assigned (¢/%* )= 1.0 + 0.1 min

and (¢512%. 1) = 25 = 4 min. We attribute the fast phase to full target RNA
cleavage and release of the final middle 6 nt product and the slow phase to
intermediate >12 nt cleavage products, which could be retained slightly
longer. The intermediate cleavage products are observed to accumulate when
performing bulk in vitro RNA cleavage reactions (Mogila et al., 2019; Tamu-
laitis et al., 2014). We also performed a control measurement employing the
RNase-dead mutant of StCsm. As expected, the mean diffusion time remained
constant throughout the time course of this reaction (grey trace in Fig. 3.3B)
since no cleavage products were produced.
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Fig. 3.3. Tracking of internally labelled RNA product release by fluorescence
autocorrelation spectroscopy. (A) Autocorrelation curves of the internally libelled
activating target RNA S3/iL, measured at 1 min and 50 min after reaction start (yellow
and blue solid lines, respectively). Dashed lines are fits to a model including slowly
and rapidly diffusing species. Representative curves of three independent measure-
ments are displayed. (B) Normalized diffusion time as a function of reaction time for
internally labelled activating target RNA S3/iL in the presence of StCsm (blue solid
line) or the RNase-dead mutant (grey solid line). An exponential fit employing two
decaying species is shown as a dashed line.

Overall, tracking of internal RNA cleavage products confirms that they
are released by StCsm around two orders of magnitude faster than terminal
products. This independently signifies the discrepancy between timescales of
fast RNA cleavage and slow release of terminal RNA products.

3.1.2.Duration of Cas10 activity corresponds to timescale of RNA release

Having resolved the timescales of RNA cleavage product release, we
next aimed to investigate the RNA-dependent temporal control of Cas10 sub-
unit. For this we tracked the sSDNA cleavage activity by the HD domain of
Cas10. We employed a 6 nt long single-stranded FQ-DNA oligonucleotide
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(Appendix 2), labelled at the 5’-end with a fluorophore 6-FAM and at the
3’-end with a fluorescence quencher BHQ-1. Due to the proximity of the la-
bels, the fluorescence emission of the substrate is effectively quenched. How-
ever, upon StCsm binding to RNA resulting in Cas10 activation and sSDNA
cleavage, the quencher would become spatially separated from the fluoro-
phore exhibiting observable fluorescence emission (Fig. 3.4A). To track the
ssDNA cleavage activity of StCsm, we monitored the fluorescence signal after
the addition of unlabelled target RNA. To relate the fluorescence signal to the
amount of cleaved substrate, we degraded increasing amounts of FQ-DNA
using micrococcal nuclease and mapped the used amount of ssDNA to fluo-
rescence signal measured after completion of the reaction (Appendix 4). Flu-
orescence assays were performed by dr. Patrick Irmisch.

We first measured the upregulation of ssDNase activity using an RNA
substrate S3/a (blue trace in Fig. 3.4B). The reactions were performed at 50-
fold molar excess of ssDNA substrate over StCsm and RNA which were kept
at equimolar amounts at 2 nM. Resulting time trajectory exhibited an increase
of cleaved DNA which stabilized, indicating a decaying ssSDNA cleavage ac-
tivity. Overall, there was only a moderate ssDNA turnover per StCsm complex
at the applied concentrations. Nevertheless, the acquired ssDNA cleavage Ki-
netics were well described by a single exponential fit:

C(t) — A(l — e_t/“ssDNase))’ (38)

with c(t) being the concentration of cleaved (and thus fluorescent) DNA at
time t, A being the total cleaved DNA and (tyspnase) DeiNg the mean duration
of ssDNase reaction. It provided (tsspyase) = 68 £ 1 min, which agrees with
the observed duration of terminal RNA product retention upon cleavage
(tretain) =84 =1 minand is more similar to Cas10-proximal product retention
duration (t,,oximai) = 84 = 2 min than distal product retention duration
(taistar) =119 £ 3 min. The mean duration of ssDNase activity is substantially
longer than timescales of internal product release (Fig. 3.3) and RNA cleavage
(Tamulaitis et al., 2014). This data supports our initial hypothesis that ssD-
Nase activity is stimulated by retained terminal RNA products.

To further validate our sSDNA cleavage assay, we performed several
control assays. Measurements in the absence of target RNA (grey trace in Fig.
3.4B) or in the presence of the non-activating target RNA S3/n (cyan trace in
Fig. 3.4B), which is fully complementary to crRNA 5'-tag, showed only a
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Fig. 3.4. Duration of StCsm Cas10 ssDNase activity measured by bulk fluores-
cence. (A) Scheme of StCsm complex activation by RNA and subsequent FQ-DNA
substrate cleavage releasing active fluorophore. (B) Cleaved ssDNA as function of
time measured for activating target RNA S3/a added to either WT StCsm complex
(blue) or the RNase-dead mutant (orange). Additionally, control measurements in the
presence of the non-activating target RNA S3/n (cyan) or in the absence of RNA
(grey) are shown. Traces represent the mean of three repeated measurements. Reac-
tions were initiated by adding 2 nM StCsm (WT or RNase-dead) to 2 nM target RNA,
and 100 nM FQ-DNA (or 200 nM FQ-DNA in case of the RNase-dead mutant). Trace
of ssDNA cleavage by S3/a RNA activated WT StCsm was fitted to exponential
model (Equation 3.8, dashed line). (C) Fluorescence traces (solid lines) fitted to ex-
ponential model with background activity (Equation 3.9, dashed lines). Reactions
were performed as in (B) with WT StCsm and increasing S3/a RNA concentrations.
The range between the minimum and maximum values of three measurement repeats
is shown as coloured areas. (D) The total amount of cleaved ssDNA during activation
(amplitude, A) and mean duration (t) of the reactions obtained from fitting the traces
plotted in (C). Error bars denote standard deviation of fitted values obtained from
three independent measurements.

background ssDNA cleavage activity as observed previously for StCsm
(Kazlauskiene et al., 2016). Furthermore, we performed ssDNA cleavage
measurements using the RNase-dead StCsm and the activating target RNA
S3/a (orange trace in Fig. 3.4B). Pronounced ssDNA cleavage activity was
observed which continued mostly unchanged during the full measurement

77



period in contrast to WT StCsm. These controls validate our fluorescence as-
say and confirm previous observations that RNA cleavage is required to di-
minish the ssDNase (Kazlauskiene et al., 2016) activity in Cas10 subunit.
Previous studies of StCsm RNase activity under multiple turnover con-
ditions yielded the RNA substrate turnover rate k., = 3.0 + 0.6 min** which
means that around three substrate RNA molecules are degraded by a single
StCsm complex per minute (Kazlauskiene et al., 2016). Having in mind that
under substoichiometric RNA concentrations the terminal RNA products are
retained for (t,.tqin) = 84 £ 1 min (Fig. 3.1D), the RNA turnover data sug-
gests that they are readily outcompeted by the excess of substrate. Assuming
that our hypothesis linking RNA end retention and Cas10 activity stands, the
RNA turnover should have a minimal effect on the amount of cleaved ssDNA,
since the excess of RNA would be rapidly degraded and ssDNase would only
be stimulated by the retained terminal products. Differently, under RNA dep-
rivation the amount of activated StCsm complexes (and thus the amount of
cleaved ssDNA) would be limited by the RNA substrate concentration.
Prompted by this, we tested the RNA concentration effect on ssDNase
activity in the same reaction setup. To this end, we kept the StCsm and ssDNA
concentrations constant and varied the amount of activating target RNA S3/a
(Fig. 3.4C). To quantify the observations, we fitted the sSDNA cleavage ki-
netics to an exponential model with an additional constant-rate background:

c®) =A(1—e ) + ky,t, (3.9)

with A being the total cleaved DNA during activation under exponential
mode, (t) being the mean duration of the ssDNase reaction and k4 being the
background cleavage rate, pronounced in reaction mixtures without RNA as
observed previously (Kazlauskiene et al., 2016). Fits described the cleavage
kinetics for all tested RNA concentrations (dashed lines in Fig. 3.4C) provid-
ing the amount of ssDNA cleaved by activated complex and the mean duration
of the ssDNase activity (Fig. 3.4D).

For substoichiometric amounts of RNA, the total amount of degraded
ssDNA increased as we increased the RNA concentration. When the concen-
tration of RNA substrate exceeded the concentration of StCsm, the total
amount of cleaved ssDNA (A) increased only slightly. Importantly, the mean
duration of ssDNase activity remained constant with (t) being in 60-80 min
range regardless of the amount of S3/a substrate in reaction mixture.
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These results agreed with our assumptions that with increasing RNA con-
centration the proportion of StCsm in Cas10-activated state also increases un-
til it reaches saturation when RNA concentration exceeds than that of StCsm.
The lifetime of Cas10-activated state (or the ssDNase activity duration) being
independent of RNA concentration suggests that this property is intrinsic to
the complex. Since it is similar to the timescale of terminal RNA cleavage
product retention, these processes could be functionally coupled as discussed
in the following section.

3.1.3.0utline of Csm regulation mechanism

Taken together, the FCS data on RNA cleavage product retention and
bulk fluorescence measurements of ssDNase activity provide new insights
into type I11-A Csm temporal regulation mechanisms (Fig. 3.5).

Fluorescence cross-correlation analysis using double-labelled RNA sub-
strate shows that upon target RNA cleavage by StCsm, both ends are retained
in the complex for the mean duration (t,¢¢qin) = 84 £ 1 min (Fig. 3.1) which
is in a sharp contrast to RNA cleavage undergoing in seconds in either single
or multiple turnover conditions (Tamulaitis et al., 2014; Kazlauskiene et al.,
2016) suggesting that terminal RNA cleavage products are retained unless an
intact target RNA is available which outcompetes the products.

Autocorrelation analysis of individual product retention shows that
Cas10-proximal product is retained for mean duration (t,,oximai) = 84 % 2
min and Cas10-distal product is retained for (tzistq;) = 119 £ 3 min (Fig.
3.2) whereas internal products are released at faster timescales (Fig. 3.3). Re-
sults suggest that terminal product release could be coordinated: judged by
individual retention times the Cas10-proximal product dissociation from the
complex could trigger the release of Cas10-distal RNA, yet further studies are
needed to test this speculation.

Due to 5' to 3’ directionality of transcription machinery, Cas10-proximal
part of the complex binds the nascent 3'-part of newly synthesized mRNA
directing Cas10 subunit towards the transcription bubble. Prolonged retention
of the RNA bound there could keep the complex tethered in the vicinity of
transcribed DNA for effective cleavage of the DNA strand displaced by RNA
polymerase (Fig. 1.6A). The relatively fast release of internal RNA cleavage
products suggest that they are weakly bound in the disordered crRNA:target
duplex after cleavage compared to protein-RNA interactions of the terminal
products (Fig. 1.7B and C). Since Cmr and Csm complexes have minor dif-
ferences in, respectively, Cmr3-Cas10 and Csm4-Cas10 dyad structures and
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surface electrostatics (Section 1.3.3), it remains to be tested whether pro-
longed Cas10-proximal RNA cleavage product retention observed for StCsm
extends to type I11-B complexes.
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Fig. 3.5. Proposed Csm complex regulation mechanism. Scheme shows Csm com-
plex activation by cognate RNA binding. Prolonged retention of RNA ends after
cleavage by Csm3 subunits stimulates the activity of Cas10. Terminal RNA cleavage
products are rapidly displaced under multiple turnover conditions without disrupting
Casl0-activated state of the complex. See main text for a detailed description. RNA
cleavage rate k under single turnover conditions (at 25 °C) and multiple turnover rate
keat (at 37 °C) were obtained from (Tamulaitis et al., 2014) and (Kazlauskiene et al.,
2016), respectively.

ssDNase activity experiments revealed that upon StCsm activation the
complex remains in the activated state for (tyspnase) = 68 £ 1 min. The
agreement between this value and the timescale of terminal RNA cleavage
product retention suggests functional association. We propose that terminal
products could keep type 1ll CRISPR-Cas complexes in the activated state
upon RNA cleavage (Fig. 3.5). In agreement to this, we see that disruption of
RNA cleavage in RNase-dead StCsm mutant can prolong ssDNase activity
(Fig. 3.4B). While both terminal products remain strongly bound, we
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speculate that the PFS-containing Cas10-proximal product rather than Cas10-
distal product could modulate Cas10 activity as the PFS complementarity to
crRNA 5'-tag is checked for self vs. non-self discrimination in Csm/Cmr com-
plexes (Section 1.3.3).

The amount of cleaved ssDNA scales with activator RNA concentration
when it is lower than that of StCsm (Fig. 3.4D). This suggests that the propor-
tion of activated complexes is limited by substoichiometric RNA concentra-
tion. The saturation effect observed at higher RNA concentrations can be ex-
plained by rapid RNA turnover by StCsm observed previously (Kazlauskiene
et al., 2016). Retained terminal products could keep Cas10 in the active state
upon RNA substrate degradation (Fig. 3.5, lower right). Such a property could
ensure a robust defence in cases of high expression of foreign genes that tend
to generate most of the spacers in type Ill CRISPR regions (Aviram et al.,
2022; Gonzélez-Delgado et al., 2019; Silas et al., 2016).

The first reports of ssDNase (Kazlauskiene et al., 2016) and polymerase-
cyclase (Kazlauskiene et al., 2017) activities of, respectively, StCsm Cas10
HD and Palm domains featured elegant biochemical assays revealing that both
activities diminish gradually over a timescale of tens of minutes upon stimulus
by RNA binding. In the light of the results presented in this thesis, previous
observations suggest that retained RNA cleavage products could keep not only
ssDNase, but also polymerase-synthase activities of Cas10 protein turned on
(Fig. 3.5). Under the scenario of an infection, the slow diminish of polymer-
ase-synthase in Csm could lead to a prolonged synthesis of cOA and more
pronounced response from cOA-binding CARF/SAVED effectors forming an
additional line of defence in type 111 CRISPR-Cas systems presented in Chap-
ter 1.4. However, a direct correlation between RNA retention and polymerase-
cyclase activity remains to be established.

3.2. Characterization of CARF mRNA interferases

The auxiliary effector proteins often encoded in the vicinity of the
CRISPR-Cas locus are typically composed of the cOA-sensing CARF or
SAVED domains fused to a wide variety of effector domains. During infection
the cOA signalling pathway reinforces type 11l CRISPR-Cas defence by in-
ducing toxic activities of CARF or SAVED effectors. This either kills the in-
fected cell or leads to its growth arrest thus preventing the spread of infection
in the population (Chapter 1.4).
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Fig. 3.6. Phylogenetic tree of revised CARF7 clade. (A) Phylogenetic tree of the
CARF7 clade based on the subset of CARF domain sequences reduced to 40% iden-
tity (n = 385). Colouring of the tree leaves corresponds to the type of effector domain
fused to CARF7 domain or CARF-wHTH domain core. Leaves corresponding to
Camil proteins, selected for characterization in this study, and Crn1 proteins (SsCrnl
and SiCrnl) are indicated. Numbers in parentheses in the legend correspond to the
proportion of given effector domain in the expanded CARF7 set. A tree scale corre-
sponding to the average number of amino acid substitutions per site is indicated. Pro-
tein data used to construct this tree is presented in (Mogila et al., 2023). (B) Genomic
regions of four bacteria encoding type Il CRISPR-Cas (orange in grey background)
and associated Camil proteins (magenta).

According to recent classification there are 10 major and several minor
classes of CARF proteins (Section 1.4.1). These classes differ by the CRISPR-

82



Cas system they are associated with (if any) and by the range of effector do-
mains they are fused with. Importantly, some CARF domains possess a ring
nuclease activity to destroy the bound cOA to limit signalling response or self-
deactivate (Section 1.4.2).

We focused on CARF7 group of CARF proteins formed of well-charac-
terized ring nucleases or their fusions with various effector domains, mostly
putative nucleases (Section 1.4.3). We enriched the previously defined
CARF7 class with new sequence homologs (totalling 1521 sequences) and
obtained structural models for the entire set. Next, using both sequence and
predicted structural information, we identified domain architectures for each
protein. Our analysis revealed that ~90% of CARF7 domains are fused to a
wWHTH domain, as exemplified by characterized Crnl ring nucleases SsCrnl
from Saccharolobus solfataricus (Athukoralage et al., 2018) and SiCrnl from
Sulfolobus islandicus (Molina et al., 2021). This two-domain CARF7-wHTH
core in most cases (~80%) is fused to additional effector domains, such as
RelE (MRNA interferases), HD (phosphohydrolases), PD-(D/E)XK (endonu-
cleases) or DUF2103 (function unknown) (Fig. 3.6A). Phylogenetic analysis
of CARF domains revealed that the same type of associated effector domain
(e.g., RelE) may be present in different subclades, while proteins in a single
subclade, comprising closely related CARF7 domains, may feature different
effector domains. This observation suggests that CARF7-wHTH and effector
domain fusion events occurred multiple times independently during evolution.
The analysis of CARF7 protein sequences was performed by dr. Albertas
Timinskas.

The dominant architecture among CARF7 clade proteins is composed of
CARF7-wHTH-RelE domains in which the C-terminal domain is similar to
ribonuclease domain identified as RelE toxin in the type Il toxin-antitoxin sys-
tems (Jurénas and Van Melderen, 2020). Type Il RelE family toxins are ribo-
some-dependent endoribonucleases (MRNA interferases), which bind riboso-
mal A-site to cleave the translated mRNA (see Section 1.5.1).

Owing to the architecture and genome location of CARF-wHTH-RelE
proteins, we named them Camil (CRISPR-Cas-associated mMRNA interferase
1). For further experimental analysis, we selected four Camil proteins from
Allochromatium vinosum (AvCamil), Caldilinea aerophila (CaCamil), Can-
didatus Cloacimonas acidaminovorans (CCaCamil), and Caldicellulosiruptor
hydrothermalis (ChCamiZl), which are all encoded in the vicinity of type Ill
CRISPR-Cas loci (Fig. 3.6B) and belong to different sequence clusters in the
CARFT7 clade (Fig. 3.6A).
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3.2.1.Purification of Camil proteins

We ordered synthetic genes of selected Camil proteins precloned to
pBAD expression vector and fused with C-terminal Hisio and Strepll tags.
Proteins were expressed in E. coli and isolated using affinity chromatography
(Fig. 3.7A). Molecular weight measurement using SEC-MALS showed that
Camil proteins form dimers in solution (Fig. 3.7B and C) similarly to SsCrnl
and SiCrnl (Athukoralage et al., 2018; Molina et al., 2021) ring nucleases
from CARF7 group as well as other CARF proteins (Stella and Marraffini,
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Fig. 3.7. Purification and stoichiometry analysis of Camil proteins selected for
this study. (A) Purified Camil proteins analysed by SDS-PAGE. “M” — protein size
ladder with indicated values in kDa. (B) SEC-MALS traces of Camil proteins. Blue
lines — dRI response, magenta traces — molecular weight obtained from MALS re-
sponse. (C) Absolute MW estimates of Camil proteins in solution obtained by SEC-
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MALS. MW of a translation product corresponding to whole Camil ORF was used
to calculate theoretical MW of dimers.

3.2.2.Crystal structure of AvCamil

To understand the structural arrangement of Camil, we determined the
crystal structure of AvCamil at 1.7 A resolution (Fig. 3.8A, PDB: 8PHB).
AvCamil protein was crystallized by Konstanty Keda and its structure was
solved by dr. Giedré Tamulaitiené.

The structure revealed a predicted three-domain architecture with the N-
terminal CARF domain (spanning the first 186 amino acids), the middle
WHTH domain (187 to 265) and the C-terminal RelE domain (266 to 381).
The AvCamil CARF domain is most similar to that of SsCrnl ring nuclease
(Athukoralage et al., 2018) (Fig. 3.8B). SsCrnl active site residues S11 and
K168 are spatially conserved in AvCamil (S11 and K157, respectively), im-
plying that CARF domain of AvCamil is a ring nuclease.

The structure of AvCamil RelE domain is similar to the RelE family tox-
ins, the closest match being Vibrio cholerae toxin VcHigB2 (PDB: 5JA9)
which itself adopts an EcRelE-like active centre (Hadzi et al., 2017). Struc-
tural superposition revealed that VcHigB2 active site residues are conserved
in the AvCamil RelE domain (Fig. 3.8C). While most RelE family toxins are
monomeric proteins (Jurénas and Van Melderen, 2020), the RelE domains of
AvCamil form a dimer (Fig. 3.8A). Differently, dimeric AlphaFold 2 models
of CaCamil and CCamil suggest that RelE domains of these proteins do not
interact whereas model of ChCamil shows a modest interaction surface be-
tween RelE domains (Fig. 3.8D). Taken together, structural data suggested
that Camil could function as dimeric cOA-activated ribonucleases.

3.2.3.Ring nuclease activity

CAREF effectors bind either cAs or cAs and some of them have an intrinsic
ring nuclease activity allowing them to destroy their activators to self-inhibit
and lower the immune response (Athukoralage et al., 2019; Athukoralage and
White, 2021; Garcia-Doval et al., 2020; Smalakyte et al., 2020). We per-
formed ring nuclease assays by incubating Camil proteins with an excess of
cAs and cAs and analysed the reaction products using mass spectrometry (MS)
which was performed by Audroné Ruksénaité. These experiments revealed
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Fig. 3.8. Structural analysis of Camil proteins. (A) Overview of apo dimeric
AvCamil crystal structure comprised of CARF (yellow), wHTH (teal) and RelE-like
(magenta) domains. Crystallographic data collection and refinement statistics are pro-
vided in Appendix 5. (B) Structural alignment of AvCamil and SsCrnl (PDB: 3QYF,
RMSD 2.2 A) CARF domains. Amino acids critical for SsCrn1 ring nuclease activity
and corresponding AvCamil residues are shown as sticks. (C) Structural alignment
of AvCamil RelE domain and Vibrio cholerae HigB2 toxin (PDB: 5JA9, RMSD 2.6
A). Experimentally verified mRNA interferase active site residues of \VVcHigB2 and
structurally analogous residues of AvCamil are shown as sticks. (D) Full-length di-
meric Ca, CCa and ChCamil AlphaFold 2 models with indicated modelling scores.
CARF, wHTH and RelE domains are coloured as in (A).

that cA4 but not cAs is cleaved by Camil proteins (Fig. 3.9A, Appendix 6).
Camil proteins converted cAs to As>p and Ay>p, similarly to other ring
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nucleases and CARF effectors (Athukoralage et al., 2019, 2018; Molina et al.,
2019, 2021) with an exception for CaCamil protein which showed lower ring
nuclease activity and produced no A,>p. Taken together these results show
that Camil proteins are ring nucleases and suggest that cAs is their cognate
activator.
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Fig. 3.9. Ring nuclease activity of Camil proteins. (A) MS analysis of reaction
mixtures with cA4 or cAs as substrates after incubation with different Camil proteins.
Retention times of different reaction species with m/z ratios corresponding to cAs
substrate or As>p or A2>p linear products are indicated by dashed lines. (B) MS anal-
ysis of cA4 cleavage by AvCamil CARF domain point mutants compared to WT pro-
tein. Reaction products are indicated as in (A). (C) Products of a*?P-labeled cA, cleav-
age by AvCamil under single turnover conditions at different time points. Repre-
sentative radiogram of three independent experiments is presented. Time points: 0,
10, 20, 40, 80, 160, 320, 640, 1280 s. (D) Plotted densitometric analysis results of the
radiogram displayed in (C). Fit to cA4 depletion data is shown as dashed lines.

We additionally constructed and purified AvCamil mutants of conserva-
tive amino acids S11A and K157A (Fig. 3.8B). By repeating ring nuclease
assays we confirmed that aforementioned serine and lysine residues are criti-
cal for cAs cleavage (Fig. 3.9B) as reported for ring nucleases SsCrnl
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(Athukoralage et al., 2018) and SiCrnl (Molina et al., 2021) confirming the
specific ring nuclease activity of the CARF domain.

We tracked the cleavage of radioactively labelled cA. at different time
points under single-turnover conditions (Fig. 3.9C). Densitometric analysis of
the radiogram revealed that the first cleavage event leads to initial accumula-
tion of As>p which is then cleaved into two molecules of A;>p. We fitted cA4
depletion data to a single exponential (Fig. 3.9D):

S(t) = (100% — S.,)e~t/{trn) + 5, (3.10)

where S(t) is the proportion (in %) of labelled cA4 at reaction time ¢, (tgy )
is mean ring nuclease reaction duration and S, is the proportion of uncleaved
substrate at the end of experiment. Fitting yielded (tzy ) = 4.4 £ 0.7 min.

Ring nuclease assays confirmed that Camil proteins bind and cleave cA4
over timescale of minutes akin to known CARF7 ring nucleases.

3.2.4.mRNA interferase activity

Sequence analysis (Fig. 3.6A) together with structural data (Fig. 3.8C)
suggested that C-terminal domain of Camil proteins could function as a ribo-
nuclease that cleaves mRNA in a ribosome-dependent manner similar to ho-
mologous RelE family toxins. To test this hypothesis, we adapted an assay
that was previously used to monitor E. coli RelE toxin mediated RNA cleav-
age in programmed ribosomes (Griffin et al., 2013). Since EcRelE efficiently
cleaves the mRNA at the UAG stop codon in vitro (Pedersen et al., 2003), we
programmed E. coli 70S ribosomes with a short radiolabelled RNA substrate
rib-UAG (Appendix 2) and tRNA™® to lock the AUG codon of RNA in the
ribosome P-site, thereby exposing the downstream UAG stop codon in the A-
site (Fig. 3.10A, right). AvCamil did not cleave free or ribosome-bound RNA
without an activator, however the cleavage of ribosome-bound RNA was in-
duced by cA4 (Fig. 3.10A, left) as hinted by ring nuclease assays. Mapping of
the cleavage site using alkaline and RNase T1 degradation of the substrate
revealed that AvCamil cleaves rib-UAG mainly after the 3rd nucleotide of
the UAG codon (“product 1” in Fig. 3.10A) similarly to Mycobacterium avium
RelE and E. coli YhaV (Choi et al., 2017; Goeders et al., 2013). A minor
“product 2” is also formed due to the cleavage after the 2nd nucleotide of UAG
codon or truncation of “product 1. A similar relaxed cleavage specificity was
also observed for EcRelE in vivo (Goeders et al., 2013).
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To test RelE domain active site predicted by structural comparison with
VcHigB2 protein (Fig. 3.8C), we constructed and isolated AvCamil RelE ac-
tive site mutants H306A, K317A, R325A and H343A. We performed mRNA
interference assays using these mutants in comparison with WT protein. We
fitted the densitometric data of RNA degradation over time to single exponen-
tial decay model (see Method 2.2.12) to obtain cleavage rate constants. Se-
lected mutations resulted in a 5- to 150-fold reduction in the mRNA cleavage
rate with H343A substitution being the most critical for activity (Fig. 3.10B).
Measured reaction rate for WT protein k,,gyase = 0.05 = 0.01 s corresponds
to ribosome-bound RNA degradation in tens of seconds under tested reaction
conditions. Mutant proteins were purified and assayed by Konstanty Keda.

Since the CARF domain performs a stepwise cleavage of the activator
cA4 with an intermediate linear As>p product, we were interested to check
whether both molecules stimulate MRNA cleavage. At 10-fold step increases
of cAs and As>p concentration we observed similar amounts of substrate
cleaved in mRNA interferase assays (Fig. 3.10C) confirming that Camil does
not self-inhibit during the initial step of cA4 cleavage (Fig. 3.9C and D). In
addition to this, a single AvCamil protein can cleave multiple RNA molecules
in programmed ribosomes as tested under substrate excess (Fig. 3.10D). Mo-
reso, cAs cleavage cycle seemed unrelated to RNA substrate turnover since
both WT and ring nuclease-dead S11A mutant degraded RNA at the same
efficiency in programmed ribosomes under the excess of activator (Fig.
3.10D, right). These results suggest that once activated Camil proteins do not
need to be reloaded with cA, after each mRNA cleavage event.

CaCamil, CCaCamil and ChCamil also cleaved RNA in a ribosome-
and cAs-dependent manner (Fig. 3.11A). CCaCamil protein cleaved ribo-
some-bound rib-UAG substrate at lower activity which is observed only at
higher protein concentrations. AvCamil and CCaCamil demonstrate cleav-
age both after the 2nd and the 3rd nucleotide whereas CaCamil and ChCamil
homologs cleave mainly after the 2nd nucleotide in UAG codon. These results
suggest subtle variation in the positioning of RelE active centre among Camil
proteins in ribosome A-site.

In line with the proposed RelE mRNA cleavage mechanism, which in-
volves a nucleophilic attack by a 2’-OH group on the adjacent phosphate (Ju-
rénas and Van Melderen, 2020; Neubauer et al., 2009), Camil did not cleave
rib-UAG-OMe substrate in which 2'-O positions of UAG codon are methyl-
ated (Fig. 3.11B, Appendix 2). RNA substrates containing random nucleotides
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Fig. 3.10. AvCamil protein cleaves RNA exposed in the A-site of programmed
70S ribosomes upon cA4 stimulation. (A) Cleavage activity of AvCamil in the pres-
ence of cOA and ribosomes. Reactions contained 20 nM (final concentrations are
listed) of 5'-radiolabelled rib-UAG substrate and 300 nM of AvCamil protein. In re-
actions with ribosomes the ribosome-RNA complexes were preformed additionally
using 60 nM of E. coli 70S ribosomes and 80 nM of P-site tRNA™et (see Methods
2.2.12). cOA activators were used at 10 uM. A schematic of the AvCamil mRNA
cleavage experiment is shown on the right. The 31 nt rib-UAG substrate consists of a
ribosome-binding-site element (RBS) followed by a spacer and the P-site (AUG) and
A-site (UAG) codons. OH" and T1, alkaline hydrolysis and RNase T1 digestion mark-
ers, respectively. (B) mRNA interferase activity of AvCamil RelE domain alanine
point mutants compared to WT protein at 15 °C. kqps — Observed reaction rate constant.
Mean and standard deviation of three technical replicates is reported. (C) Activation
of WT AvCamil mRNA interferase in E. coli 70S ribosomes programmed with
rib-UAG substrate in the presence of cAs or As>p. Reactions were prepared as in (A)
using different amounts of activators. (D) RNA hydrolysis activity of AvCamil pro-
tein under multiple turnover conditions in programmed E. coli 70S ribosomes. Reac-
tions contained 500 nM of labelled and unlabelled rib-UAG RNA, 1 uM of E. coli
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708 ribosomes, 1.3 uM of tRNA™e 10 uM cA4 and 50 nM WT or S11A mutant
AvCamil. Aliquots were removed at timed intervals and samples were analysed in
PAGE under denaturing conditions.

(rib-NNN) instead of UAG at the A-site were also cleaved by Camil (Fig.
3.11C) in agreement with the relaxed sequence specificity of EcRelE (Goeders
etal., 2013).

Collectively, we show here that Camil proteins are ribosome-dependent
MRNA interferases activated by the cA; signalling.
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Fig. 3.11. mRNA interferase activity of Camil homologs. (A) RNA cleavage reac-
tions of Camil proteins. Each protein was tested at 0, 30, 100, 300, 1000 or 3000 nM
concentration using reaction components as in Fig. 3.10A. Activity was stimulated by
adding 10 uM of cA4. (B) Camil proteins activity assay using rib-UAG-OMe sub-
strate in which UAG codon nucleotides exposed in the A-site are 2’-OMe modified.
1.5 uM Camil were activated by 10 uM cA4 and reactions were prepared as in Fig.
3.10A. (C) Camil activity using substrate mix rib-NNN in which ribonucleotides ex-
posed in the A-site are randomized. Reactions were prepared as in (B). Densitometric
proportion of cleaved substrate is indicated under the radiogram.

3.2.5.Structure of AvCamil bound to the ribosome

To gain insights into the structural mechanism of Camil activity, we de-
termined a cryo-EM structure of cAy-activated AvCamil-S11A-H343A
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Fig. 3.12. Cryo-EM structure of cA4 activated AvCamil bound to 70S ribosome
programmed with mRNA mimicking substrate and tRNA. (A) Overview of cA4
activated AvCamil-S11A+H343A (yellow-turquoise-magenta) mutant bound to 70S
ribosome (light blue and grey) programmed with rib-UAG-OMe mRNA substrate (or-
ange) and tRNA™et (green). AvCamil interaction with ribosomal stalk protein bL.12
(slate blue) is also observed. CTD, C-terminal domain. Cryo-EM image processing
scheme is provided in Appendix 7 and data collection, refinement and validation sta-
tistics are provided in Appendix 8. (B) AvCamil occupies the ribosomal A-site and
interacts with the 16S (loops h18, h30-31, h32, h34 and h44) and the 23S (loops H43,
H69 and H95) rRNA and with the P-site tRNA™et, AvCamiZl dimer also interacts with
the ribosomal proteins uS12 and uS19 of 30S subunit and uL11 (light blue) together
with bL12 (violet) of 50S subunit. Cryo-EM map is displayed as a transparent grey
surface. Structural elements are coloured as in (A). (C) cAs (cyan) recognition in
CARF domain. Mesh depicts cryo-EM map of cAs molecule.

mutant bound to E. coli ribosome complex with rib-UAG-OMe mRNA mimic
and tRNA™et at nominal 3.7 A resolution (Fig. 3.12A, PDB: 8PHJ). The
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atomic structure of ribosome-AvCamil complex was reconstructed by dr.
Giedré Tamulaitiené.

The complex contains two tRNA™e molecules, one bound in the E-site
and the other to the cognate AUG codon in the P-site. One AvCamil subunit
of the dimer occupies the ribosomal A-site and its RelE domain interacts with
16S and 23S rRNA as well as with the P-site tRNA™¢t, (Fig. 3.12B) similar to
other RelE family toxins (Mansour et al., 2022; Neubauer et al., 2009). The
RelE domain of another AvCamil subunit makes additional contacts with 16S
rRNA. The CARF domains of both subunits contact sarcin-ricin loop (SRL)
H95 of 23S RNA. AvCamil dimer also interacts with core ribosomal proteins
uS12, uS19, uL11 and, unexpectedly, a ribosomal stalk protein bL12 (Fig.
3.12B). The diffused cryo-EM density of A-site RNA suggests that the sub-
strate was flexible in the vicinity of the AvCamil binding site (Fig. 3.12B).

CA4 is bound in the central cavity of the CARF domain dimer. It adopts
an approximately planar conformation supported by interactions between ad-
enine nucleobases and sugar phosphate backbone of cA4 and polar or charged
residues of CARF domain (Fig. 3.12C).

As mentioned above, we found that AvCamil wHTH domain which is
exposed to the solution interacts with the C-terminal domain of bL12 riboso-
mal protein (Fig. 3.13A). bL12 is a key component of the prokaryotic riboso-
mal stalk. Stalk structure is conserved in all domains of life and plays an es-
sential role in pooling of GTPase translation factors (Imai et al., 2020; also
see Chapter 1.7). The observed AvCamil-bL12 interaction suggested that
Camil proteins may use the ribosome stalk-mediated capture mechanism to
enter the ribosomal A-site.

Following the hint posed by the cryo-EM structure regarding AvCamil
interaction with bL12, we performed point mutagenesis of CARF and wHTH
domain bL12-binding surfaces and measured the mRNA interferase activityof
these mutants. Mutations in wHTH domain compromised RNA cleavage to
varying extents, requiring higher concentrations of mutants to achieve cleav-
age levels comparable to the WT protein (Fig. 3.13B). This result confirms
the importance of bL12-CTD and wHTH interaction for the ribosome-depend-
ent mMRNA cleavage activity of AvCamil.

Further, we evaluated mRNA interferase activity of Camil homologs us-
ing bL12-deficient E. coli 70S ribosomes in the presence and absence of a
standalone bL12 protein. Camil proteins showed only trace activity with
bL12-depleted 70S ribosomes, however, the MRNA cleavage activity was par-
tially reconstituted by supplementing bL12 protein to the bL12-depleted
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Fig. 3.13. Camil interaction with ribosomal bL12 is required for mRNA inter-
ferase activity. (A) Interaction surface between ribosomal bL12 protein and the distal
WHTH domain of AvCamil. (B) wHTH and CARF surface alanine point mutation
effect on mRNA interferase activity. Alanine substitutions were introduced in addi-
tion to S11A mutation resulting in reduced ring nuclease activity of surface mutants.
Reactions were performed as in Fig. 3.10A using increasing concentrations of
AvCamil variants. Proportion of cleaved substrate was obtained from densitometric
analysis as in Fig. 3.11C. (C) Ribosomal bL12 protein depletion effect on Camil
MRNA interferase activity. bL12 depleted ribosomes (70SAbL12), standalone bL12
proteins, reconstituted ribosomes (70SAbL12+bL12) or WT 70S ribosomes were pre-
incubated with rib-UAG and tRNA before assay. Reactions were initiated by adding
Camil proteins at final concentration of 300 nM (3 pM in case of CCaCamil) under
stimulation by 10 uM cAa. (D) Amplitudes of bL12 binding BLI signal normalized
by AvCamil loading efficiency at various bL12 concentrations. bL12 binding by cAs-
activated AvCamil-S11A wHTH mutants were compared with AvCamil-S11A inthe
presence and the absence of cAs4. (E) BLI sensorgrams showing bL 12 association and
dissociation to AvCamil-S11A immobilized on the biosensor in the presence (ma-
genta shades) or absence (grey shades) of 1 uM cAa. bL12 concentration series are
marked by different colour intensities. Representative sensorgrams of three
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independent measurement series are displayed. The mean values with standard devi-
ations from three technical replicates are reported in (B) and (D).

ribosomes (Fig. 3.13C). This result suggests that the ribosome stalk-mediated
capture is common for Camil protein family.

We have also examined the interaction between isolated bL12 and
AvCamil using biolayer interferometry (BLI). For this AvCamil was immo-
bilized on a biosensor surface as the ligand and submerged into a buffer with
bL12 protein which was used as the analyte. The amplitude of bL12 binding
signal obtained in the presence of cAs was substantially higher compared to
that in the absence of cA4, confirming the importance of cAs in stabilizing the
AvCamil conformation favouring the interaction with bL12 (Fig. 3.13D and
E). As expected, AvCamil wHTH surface mutants displayed low binding to
bL12 even in the presence of cA4 (Fig. 3.13D). This result supports the mech-
anism of Camil being captured by the ribosome stalk upon activation by cAa.

Comparison between apo and cAs-activated ribosome-bound AvCamil
structures revealed relatively small conformational differences in the CARF
dimer and a considerable 35° tilt of both wHTH domains (Fig. 3.14). A similar
cork-screw motion of wWHTH domains was also suggested in the post-catalytic
structure of cA4 ring nuclease SiCrnl (Molina et al., 2021) (see Fig. 1.9), how-
ever the authors could not conclude whether this conformation change was
induced due to cA4 binding or cleavage. AvCamil-S11A-H343A and ribo-
some complex structure obtained using ring nuclease-deficient mutant sug-
gests that the binding of cAs is sufficient for structural rearrangement of
wHTH domains since S11A mutation disrupts the cleavage of the activator
(Fig. 3.9B). wHTH movement exposes its surface for the capture by bL12 as
supported by cAs-dependant binding of isolated bL12 (Fig. 3.13D and E).

In addition to wHTH movement, the entire RelE dimer is shifted diago-
nally ~15 A away from the CARF-wWHTH core (Fig. 3.14). This breaks the
symmetry of AvCamil dimer and enables the proximal RelE domain to fit into
the ribosome cleft where mRNA is exposed (Fig. 3.12A and B). As suggested
by structural models, in other Camil dimers RelE domains do not interact
(Fig. 3.8D) and thus may adopt more flexible conformations relative to
CARF-wHTH core during activation and binding to the ribosomes. Also, it
remains unknown whether the activation by cA, is sufficient to break the sym-
metry of AvCamil or accommodation to the ribosome is additionally required
to stabilize the asymmetrical structure of activated protein.

The structural data together with results of bL12 interaction assays allows
us to conclude that upon cAs-activation Camil proteins change the
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conformation of WHTH domains to be captured by bL12-CTD and then are
transferred to ribosomal A-site for mMRNA cleavage.
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Fig. 3.14. Conformational change of AvCamil upon cAs-activation and ribosome
binding. AvCamil apo crystal structure (grey) superimposed over CARF domain di-
mer of cAs-activated and ribosome-bound cryo-EM structure (coloured). “Distal” and
“proximal” indicates the positioning of protein chains of AvCamil dimer relative to
ribosomal A-site.

3.2.6.In vivo toxicity of Camil

To probe whether Camil could contribute to the type Ill CRISPR-Cas
immunity we coupled Camil with the S. thermophilus type 111-A CRISPR-
Cas system that produces cOAs from cAs to cAs (including cAs) in response
to transcription from foreign DNA in vivo (Smalakyte et al., 2020).

The three-plasmid IPTG-inducible system in E. coli (Fig. 3.15A) ensured
production of RNase and DNase-dead StCsm complex bound to crRNA tar-
geted against custom transcript of a pTarget. Nuclease-deficient StCsm was
used to avoid autoimmunity while allowing the perpetual production of cOAs
when growing in media with inductor IPTG.

We transformed the cOA-producing E. coli with pCamil plasmids en-
coding different Camil proteins to monitor their in vivo toxicity. We per-
formed bacterial growth assays using either WT AvCamil, a ring nuclease-
dead variant with S11A mutation or double S11A and K317A mutant which
is additionally deficient in mRNA interferase activity (Fig. 3.10B). We
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observed that +WT AvCamil and +AvCamil-S11A cultures, but not
+AvCamil-S11A-K317A, exhibited a growth defect upon the induction of
target transcription and protein expression compared to bacteria with empty
vector instead of pCamil (Fig. 3.15B). This result shows that mMRNA inter-
ferase activity of AvCamil causes toxicity under constant stimulation by
StCsm produced cA4. Moreso, the growth of +AvCamil-S11A bacteria was
repressed more than of +WT AvCamil bacteria suggesting that CARF-medi-
ated cAs cleavage could lower the intracellular concentration of the activator
thus limiting the downstream activity of RelE effector domain.

To monitor mRNA cleavage activity of Camil in vivo, we used the same
set of E. coli hosts and plasmids as in the bacterial growth assay (Fig. 3.15A).
Cells were grown in a liquid medium with inducers and total RNA was ex-
tracted from them. Several abundant transcripts were depicted by northern blot
using radioactively labelled hybridization probes (Appendix 2). No mRNA
degradation was detectable in cells either lacking AvCamil or encoding RelE
domain mutant, but significant RNA degradation at multiple sites was ob-
served for most transcripts after induction of WT and S11A AvCamil (Fig.
3.15C). The translation of mMRNAs cleaved in the coding sequence could cause
stalling of the ribosomes since they do not reach the stop codon to disassemble
(Mdller et al., 2021). Stalled ribosomes in E. coli and other bacteria can be
recovered by tmRNA, which releases ribosomes from damaged mRNAs and
tags the nascent polypeptides from such ribosomes for further proteolysis
(Mdiller et al., 2021, see also Chapter 1.6). Northern blot analysis of RNA
extracted from cAs-producing cells expressing AvCamil revealed some traces
of tmRNA cleavage products (Fig. 3.15C), indicating that cAs-activated
Camil could cleave tmRNAs together with mRNA, thereby interfering with
ribosome recovery. Untranslated 5S ribosomal RNA was not targeted by
AvCamil (Fig. 3.15C).

Other Camil proteins also showed in vivo activity in heterologous E. coli
host. Reduced cell growth was observed upon induction of WT CaCamil,
CCaCamil and ChCamil similarly to AvCamil (Fig. 3.15D). This result sug-
gests that the conservation of translation machinery permits the spread of
Camil protein genes during bacterial evolution (Fig. 3.6A).
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Fig 3.15. Camil proteins display cOA-regulated mRNA interferase activity in
heterologous host. (A) The experimental setup (see Methods 2.2.16) to study Camil
activity in vivo. E. coli bacteria coexpressing heterologous Camil protein and nucle-
ase-deficient perpetually activated S. thermophilus type I11-A CRISPR-Cas system
were used for the bacterial growth assays (B and D) and RNA integrity analysis (C).
(B) Bacterial growth curves. Growth was traced by measuring ODeggo every 10
minutes. An empty plasmid vector without AvCamil gene denoted as “vector”. Lines
and shades represent mean and SD, respectively (n = 3). (C) Northern blot analysis of
endogenous Ipp, ompA, ompF, tufA mRNA, tmRNA and 5S rRNA integrity in total
RNA extracted from bacteria expressing activated StCsm and AvCamil variants. “v”,
“vector” as in (B); “WT”, WT AvCamil; “S” and “SK”, S11A and S11A+K317A
mutants of AvCamil, respectively. (D) Bacterial growth under activation of Camil
homologs. Growth data is presented as in (B).

3.3. Mechanism of type Il1 CRISPR-Cas defence employing Camil

The results presented in this thesis provide details on how protection by
type 1l CRISPR-Cas defence system is coordinated and how regulated
MRNA interferase Camil is utilized in a downstream defence signalling path-
way (Fig. 3.16). According to the established spatiotemporal regulation mech-
anism, an effector complex Csm/Cmr recognizes foreign transcripts and
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Fig. 3.16. Mechanism of Camil activation in type I11-A CRISPR-Cas immunity.
Infection is sensed by type Csm interference complex which binds crRNA-comple-
mentary foreign transcript. This triggers ssSDNA degradation and synthesis of signal-
ling molecules cA4in Cas10 subunit. Due to slow release of RNA cleavage products,
on average Cas10 remains activated for an hour. cAs binding to Camil CARF do-
mains (yellow) induces conformational changes of the protein that enable wHTH
domain (turquoise) interaction with ribosomal stalk via bL12 protein (slate blue).
Stalk-captured Camil is delivered into the A-site of a translating ribosome. RelE
domain (magenta) of Camil starts cleaving mRNASs which inhibits translation and
stops the production of both cellular and viral proteins. Camil also cleaves tmRNA,
hindering one of the ribosome rescue pathways. Cleavage of cA4 by ring nuclease
activity of CARF domain deactivates Camil and dissociation of RNA cleavage prod-
ucts from Csm complexes deactivate Cas10 subunit.

activates Cas10 protein for co-transcriptional degradation of non-template
DNA strand and production of cOAs for subsequent activation of ancillary
CARF/SAVED proteins (reviewed in (Stella and Marraffini, 2023). However,
the temporal control for Cas10 activity, especially its deactivation, remained
puzzling since the cleavage of target RNA occurs in seconds whereas ssDNase
and cOA synthase activities persist for tens of minutes (Kazlauskiene et al.,
2017, 2016).

Our FCS-based RNA retention assays revealed the missing link explain-
ing the regulation of type I11-A effector complex (Chapter 3.1). We observed
that the terminal RNA cleavage products dissociate slowly over period of
hours compared to internal product released from the complex in minutes after
rapid RNA cleavage. The prolonged Casl0 ssDNase activity which
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diminishes over similar timescale indicates a functional association to RNA
cleavage product retention.

Since the rate of cOA synthesis in Cas10 also exhibits a gradual diminish
upon activation, it is tempting to speculate that both enzymatic activities of
Cas10 protein are regulated in the same fashion, i.e. by RNA retention. A
piece of evidence supporting this speculation comes from self vs. non-self dis-
crimination in type Il effectors (see Section 1.3.3). Once Csm/Cmr binds to
an RNA target which is fully complementary to crRNA including its repeat-
borne 5'-tag — a situation possible in case of antisense host CRISPR region
transcription — both ssDNA degradation and cOA synthesis are inhibited. This
shows that target RNA has a direct impact on both activities of Cas10 protein.

Due to prolonged Cas10 activity the intracellular concentration of cOAs
builds up and ancillary effectors of CARF and SAVED families are activated.
Here we structurally and functionally characterized Camil effector, a regu-
lated MRNA interferase belonging to CARF protein group, and proposed its
mechanism (Fig. 3.16). Camil effectors respond to cA4 activators (Sections
3.2.3and 3.2.4). According to our model, cA4 binding induces conformational
changes in dimeric Camil structure during which wHTH domain moves away
from CARF dimer. This exposes a wWHTH domain surface for interaction with
ribosomal stalk protein bL12 (Section 3.2.5). Upon capture by ribosomal stalk
AvCamil accommodates into the ribosomal cleft to cleave the mRNA ex-
posed in the A-site. Once activated Camil proteins cleave mMRNAS in multiple
ribosomes before shutting down due to cA4 cleavage in CARF domain.

Truncated MRNAS cause staling of ribosomes resulting in overall trans-
lation inhibition. In case of phage infection, this could prevent the production
of phage enzymes and coat proteins thus limiting their assembly. During trans-
lation shutdown the infectious nucleic acids can be destroyed by cellular nu-
cleases, other defence systems, or ssDNase activity of Csm/Cmr complex.

Stalled ribosomes are alleviated by various ribosome rescue mechanisms,
for example, trans-translation employing hybrid tmRNA (Chapter 1.6). How-
ever, we observed that endogenous E. coli tmRNA is prone to cleavage by
Camil (Section 3.2.6). This exemplifies a strict Camil response resulting in a
persistent translation inhibition lasting for as long as cAs is available.

According to the proposed model, if foreign nucleic acids are neutralized
and the cell survives the infection, the dissociation of RNA cleavage products
from Csm complex eventually causes the diminish of polymerase-cyclase ac-
tivity and stops cOA production, while any available cAs molecules are
cleaved by Camil or other ring nucleases. The emergence of these negative
feedback loops suggests that such defence strategy enabled bacteria to survive
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numerous infections on the course of fierce coevolution between them and
their parasites.

3.4. Further directions

While the results presented in this thesis align to a dynamic model of type
I11 CRISPR-Cas defence, it should be noted that most of the conclusions came
from in vitro studies which do not provide the full picture of processes hap-
pening in live cell. Therefore, it remains to be tested whether the observed
duration of Cas10 activities is similar during the infection under natural con-
ditions. Also, it should be investigated whether the observed kinetic parame-
ters can be generalized for diverse type 111 effectors as there are subtle struc-
tural differences between type I11-A and 111-B complexes in the vicinity of
PFS (Section 1.3.3). In the same line, it remains to be tested how efficiently
Camil effectors bind to the ribosome under natural settings and cleave the
mRNA being actively translated. While we observed that Camil causes
growth reduction when overexpressed (Fig. 3.15D) it should be investigated
how naturally expressed Camil proteins compete against translation factors
for ribosome binding as the latter are among the most abundant proteins in
bacterial cells (Ishihama et al., 2008).

The pace of type 1ll CRISPR-Cas ancillary effectors research is acceler-
ating in past years providing new structures, functions, and mechanisms
(Stella and Marraffini, 2023). Our comprehensive sequence analysis of
CARFT7 proteins allowed to enrich this group with CARF-[PD-(D/E)XK] pro-
teins not reported in the original CARF domain classification (Makarova et
al., 2020a). The PD-(D/E)XK domain is commonly found in various nucleases
with restriction endonucleases being the best known example (Knizewski et
al., 2007). Couple instances of CARF-[PD-(D/E)XK] fusions were recently
reported, namely, Canl which is a DNA nickase (McMahon et al., 2020) and
Cardl/Can2 (Rostgl et al., 2021; Zhu et al., 2021) which exhibits both DNase
and RNase activities. These proteins belong to CARF4 group which shows no
ring nuclease activity therefore their downregulation depends on other cOA
degrading enzymes. Differently, CARF7, which known instances are ring nu-
cleases, and PD-(D/E)XK fusion proteins could provide a more controlled nu-
cleolytic response to the infection presumably avoiding infected cell death.
Other CARF7 fusion variants to HD domains could exhibit nuclease or phos-
phatase activity (Aravind and Koonin, 1998) while CARF7-DUF2103 fusion
proteins could function in the same manner as Camil since DUF2103 domain
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shows distant structural homology to RelE domain (Mogila et al., 2023). cAs
binding to known CARF7 proteins Crnl and Camil induces a cork-screw
twist of WHTH domains (Molina et al. 2021 and Fig. 3.14), therefore similar
conformational changes could be expected in other effectors of this group.

Despite the diversity of cOA-responsive CARF and structurally related
SAVED proteins (Makarova et al., 2020a), type 111 CRISPR-Cas systems also
recruit effectors lacking these domains such as cAs-activated DNase NucC in
which the activator binds in the interface of a trimeric structure (Grischow et
al., 2021; Lau et al., 2020). Recently prof. Malcolm White’s group demon-
strated that Cmr complex from Bacteroides fragilis produces SAM-AMP in-
stead of cOA (Chi et al., 2023). The newly discovered activator binds to a
CARF-unrelated transmembrane protein CorA leading to a loss of membrane
integrity which causes cell dormancy or death of an infected cell. With ever
growing sequencing capabilities more diverse ancillary effectors are being
discovered with type 111 CRISPR-Cas systems at their core (Altae-Tran et al.,
2023). These findings could help to reinforce biotechnologically important
prokaryotes against infections or overcome disease causing bugs with novel
medicine such as phage therapy circumventing antiviral defence systems.

Another potential line of research could stem from the observation that
Camil interacts with the ribosome stalk protein bL12 (Section 3.2.5). Previ-
ously, it was demonstrated that ribosome stalk binds trGTPases to facilitate
translation in both prokaryotes and eukaryotes (Chapter 1.7). Additionally, in
eukaryotes the stalk could be hijacked by RIPs which poison ribosomes. To
our knowledge, Camil is the first characterized prokaryotic stalk-binding pro-
tein besides trGTPases and, analogously to RIPs, it inhibits translation. Camil
binds CTD of bL12 via wHTH domain. As different trGTPases bind bL12-
CTD via their G (or G’) domains, one could suggest that WHTH domains akin
to those of Camil could be used by other unknown proteins to modulate ribo-
some functions. A comprehensive sequence-structure analysis and interac-
tome studies of bL12 could provide hints about other stalk-interacting pro-
teins. Since translation is one of the central processes in the cell, this data
about its possible modulators could provide valuable insights into cell biology
and lead to important applications.
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CONCLUSIONS

. After RNA cleavage by Csm3, S. thermophilus Csm complexes retain ter-
minal products that maintain Cas10 DNase activity.

. CARF-WHTH-RelE domain architecture constituting Camil proteins
likely arose multiple times in CARF7 group phylogeny.

. Camil proteins are activated by cAs which is cleaved in CARF domain.

. RelE domain of activated Camil proteins cleaves mRNA exposed in the A
site of the ribosome.

. In vivo activated Camil cleaves translated mRNAs inhibiting bacterial
growth.

. WHTH domain of activated Camil proteins interact with ribosome stalk
protein bL12 which facilitates mMRNA cleavage in the ribosome.
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IVADAS

Nuozmi koevoliucija tarp bakterijy ir archéjy, kartu vadinamy prokario-
tais, bei jas infekuojanéiy virusy, vadinamy bakteriofagais arba fagais, 1émé
prokariotiniy apsaugos sistemy vystymasi. Déka §iy sistemy jvairovés proka-
riotai geba apsisaugoti nuo fagy, kurie pasizymi didesniu skaitlingumu ir kin-
tamumu (Mayo-Mufioz et al., 2023).

Prokariotuose yra paplitusios CRISPR-Cas sistemos, kurios suteikia a-
daptyvig apsauga prie§ svetimas nukleortigstis (Makarova et al., 2020b). De-
fektyvios infekcijos metu $i0s sistemos jterpia trumpus svetimos nukleortigs-
ties fragmentus j Seimininko genome esantj CRISPR regiong (Barrangou et
al., 2007). I genoma jrasyta informacija apie buvusias infekcijas yra nurasoma
] CRISPR regiono transkripta, i§ kurio subrandinamos individualias CRISPR
RNR (crRNR) molekulés. Kartu su Cas (nuo angl. CRISPR-associated) bal-
tymais crRNR sudaro kompleksus, kurie pakartotiniy infekcijy metu pagal
komplementaruma crRNR atpazjsta j lastele patekusias svetimas nukleoriigs-
tis ir jas sunaikina (Wang et al., 2022). CRISPR-Cas sistemoms priskiriami
jvairts kompleksai, kurie gali atpaZzinti ir sunaikinti DNR, RNR arba abiejy
tipy nukleortigstis (Makarova et al., 2020Db).

Il tipo CRISPR-Cas sistemoms biidingi Csm ir Cmr kompleksai (prik-
lausantys, atitinkamai, I11-A ir I11-B potipiams) infekcijos metu atpazjsta sve-
timus transkriptus ir sunaikina tiek juos, tiek tuo metu transkribuojamg DNR
(Tamulaitis et al., 2017). Reguliuojamu DNaziniu aktyvumu pasizymi komp-
lekso Cas10 subvienetas, kuris yra aktyvinamas kompleksui suriSus svetimg
RNR. Nors surista RNR per kelias sekundes yra degraduojama komplekso
RNaziy Csm3 (Csm kompleksuose; Cmr kompleksuose atitinkama funkcija
atlieka Cmr4 subvienetai), Cas10 islieka aktyvus bent kelias deSimtis minuciy
ir karpo vgDNR (Kazlauskiene et al., 2016). Siekiant paaiskinti $iuos rezulta-
tus yra pasiiilytas modelis pagal kurj komplekse uzlaikomi RNR karpymo re-
akcijos produktai galéty stimuliuoti uzsitesiantj Cas10 aktyvuma (Kazlaus-
kiene et al., 2016). Vis délto iki Siol §is modelis patikrintas nebuvo.

Neseniai nustatyta, kad Cas10 pasizymi dar vienu fermentiniu aktyvumu.
Aktyvintas Cas10 i§ ATP sintetina i§ 3-6 AMP fragmenty sudarytus ciklinius
oligoadenilatus (cOA), kurie aktyvina pagalbinius efektorius (Kazlauskiene et
al., 2017; Niewoehner et al., 2017). Sis polimerazinis-ciklazinis aktyvumas
yra reguliuojamas pana$iu bidu kaip ir DNazinis (Kazlauskiene et al., 2017).
cOA aktyvina jvairius efektorius i§ kuriy labiausiai paplite¢ yra dimeriniai
CARF domeng turintys baltymai, kurie yra skirstomi j devynias pagrindines
grupes (CARF1-CARF9) (Makarova et al., 2020a). CARF domene suristas
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cOA aktyvina su CARF sulietg efektorinj domena. Efektoriniai domenai pa-
sizymi fermentiniy aktyvumy jvairove, kai kurie i$ jy yra gerai funkciskai is-
tirti, nustatytos jy struktiiros. Pvz., su CARF1, CARF2 arba CARF9 sulieti
HEPN domenai pasizymi reguliuojamu RNaziniu aktyvumu (Garcia-Doval et
al., 2020; Jia et al., 2019a; Samolygo et al., 2020; Smalakyte et al., 2020), su
CARF4 sulieti j restrikcijos endonukleazes panasts PD-(D/E)XK domenai pa-
sizymi tiek DNaziniu, tiek RNaziniu aktyvumu (McMahon et al., 2020; Rostgl
etal., 2021; Zhu et al., 2021), su membranomis yra susij¢ ir jas depoliarizuoti
gali CARF8-TM efektoriai (Baca et al., 2024). Vis délto didziosios dalies kity
efektoriniy domeny funkcijos eksperimentiskai néra nustatytos ir gali biiti spé-
jamos pagal seky panasumg j Zinomus baltymus.

Dalis CARF7 grupés baltymy yra sulieti su efektoriais, kurie panasus j
RelE superseimai priskiriamas mRNR interferazes (Makarova et al., 2020a).
Pavieniai RelE baltymai yra gerai charakterizuoti toksinai budingi II tipo tok-
sino-antitoksino (TA) sistemomes, jie Escherichia coli yra neutralizuojami an-
titoksino RelB (Li et al., 2009). Esant mitybiniy medZiagy nepritekliui, vei-
kiant antibiotikams arba fago infekcijos metu RelB:RelE santykis Iasteléje
gali sumazéti (Song ir Wood, 2020). Tokiu atveju laisvas RelE toksinas prisi-
jungia ribosomos A srityje vykstant transliacijos elongacijai ir sukarpo trans-
liuojamg MRNR. Tokiu btidu yra slopinama baltymy sintez¢ ir stabdomas Ias-
telés augimas (Christensen ir Gerdes, 2003; Neubauer et al., 2009).

RelE domenas, kaip dimeriniy CARF baltymy efektorius, gali atrodyti
nejprastas evoliucijos produktas, nes RelE baltymai veikia kaip pavieniai TA
sistemy toksinai. Kita vertus, cOA suriSantis CARF domenas galéty reguliuoti
CARF-RelE aktyvuma. Remiantis CARF-RelE ir RelE toksiny seky tarpusa-
vio panaSumo duomenimis CARF-RelE baltymai Siame darbe vadinami
Camil (nuo angl. CRISPR-Cas-associated mRNA interferase 1).

Sios disertacijos objektai yra Streptococcus thermophilus DGCC8004
I1I-A tipo CRISPR-Cas kompleksas Csm (toliau — StCsm) ir keturi Camil
baltymai susije¢ su III tipo CRISPR-Cas sistemomis aptinkami skirtinguose
Seimininkuose. Sio darbo tikslai yra detalizuoti StCsm aktyvumo reguliacijos
mechanizmg ir nustatyti Camil funkcijas CRISPR-Cas gynyboje. Siekiant uz-
sibrézty tiksly buvo iskelti Sie uZdaviniai:

1. ISmatuoti produkty uzlaikymo trukme¢ po RNR karpymo reakcijos
StCsm komplekse ir palyginti jg su Cas10 subvieneto DNazinio ak-
tyvumo trukme.

2. Nustatyti filogenetinius rySius tarp CARF7 grupés baltymy.

Nustatyti Camil aktyvatorius.
4. Nustatyti Camil efektorinio domeno fermentinj aktyvuma.

w
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5. Parodyti Camil aktyvumg gyvose bakterijose.

6. Detalizuoti Camil reguliacijos ir aktyvumo mechanizmg pasitelkiant

struktiirinius metodus.

Mokslinis naujumas ir praktiné verté. Mokslingje literatiiroje yra iSsa-
miai apraSyti CRISPR-Cas IlI-A ir 111-B potipiy Csm ir Cmr kompleksy vei-
kimo principai, kurie atsikartoja tarp jvairiy homology, yra nustatytos $iy
kompleksy struktiros (Molina et al., 2020; Stella ir Marraffini, 2023; van Bel-
jouw et al., 2022). Siuo darbu buvo siekiama papildyti nusistovéjusj Csm/Cmr
aktyvumo reguliacijos modelj. Nors $iuo metu zinoma, kad komplekso Cas10
subvienetas yra aktyvinamas kompleksui surisus taikinio RNR, jo aktyvumo
nuslopinimo mechanizmas neaiskus. Sioje disertacijoje pristatomi fluorescen-
cijos koreliacijos spektroskopijos (FCS) tyrimai parodé, kad nepaisant greitos
RNR degradacijos, galiniai RNR karpymo produktai lieka suristi StCsm
komplekse ilgiau negu valandg. Aktyvintame komplekse Cas10 subvienetas
DNazinj aktyvuma iSlaiko panasy laiko tarpa, kas zymi funkcing sasajg tarp
Siy procesy. Papildyta modelj paremia anksciau atlikty ,,savas-svetimas* at-
pazinimo tyrimy rezultatai. Tuomet nustatyta, kad RNR substraty 3’ galiné
sritis reguliuoja Cas10 aktyvuma priklausomai nuo to ar ji yra komplementari
(t. y. atitinka ,,sava“, i$ lgstelés CRISPR regiono kilusj taikinj) ar nekomple-
mentari (atitinka ,,svetimg* taikinj) atitinkamai crRNR 5’ sri¢iai (Li et al.,
2024). Pirmuoju atveju Cas10 yra slopinamas, antruoju — aktyvinamas. Kartu
paémus Siame darbe ir mokslingje literatliroje aprasytus rezultatus disertaci-
joje pateikiamas papildytas 111 tipo CRISPR-Cas reguliacijos modelis paais-
kinantis kaip Sie kompleksai yra iSjungiami nuslopinus infekcija.

Disertacijoje pateikta su Il tipo CRISPR-Cas susijusiy CARF7 baltymy
seky analizé parodo kaip evoliucijos metu susiliejant baltymy domenams i$
jvairiy prokariotiniy apsaugos sistemy susidaro nauji apsauga suteikiantys
baltymai. Filogenetiné analizé atskleidé, kad RelE superseimos mMRNR inter-
ferazés toksinas Kkelis kartus nepriklausomai susiliejo su CARF domenu susi-
darant polifiletinei Camil baltymy grupei. Biocheminiai aktyvumo ir in vivo
toksiskumo tyrimai parodé, kad Camil jungiasi prie ribosomy ir karpo trans-
liuojama MRNR, Kkai yra aktyvinamas cAs, kurj sintetina III tipo CRISPR-Cas
kompleksas. CARF domenas, kuris suri$a cA4 aktyvatoriy, jj ir perkerpa.

Struktiiriniai Camil tyrimai pateiké naujy jzvalgy apie ribosomas. Camil
] ribosomos A sritj patenka per ribosomos stiebo struktiirg susirises su stiebo
baltymu bL12. Saveika tarp bL12 C-galinio domeno ir cA4 suaktyvinto Camil
wHTH domeno yra biitina mMRNR karpymui. Iki $iol buvo zinoma, kad bL 12
sgveikauja tik su GTP suriSanciais transliacijos faktoriais per jy G domeng
(Liljas ir Sanyal, 2018). Tad sio darbo metu nustatyta sgveika tarp transliacija
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slopinanéio Camil toksino ir prokariotinés ribosomos stiebo mokslinéje lite-
ratliroje yra apraSsoma pirma kartg.
Sioje disertacijoje pristatomi rezultatai pazymi reguliacijos mechanizmy
svarbg prokariotinése gynybos sistemose. | §j aspekta biitina atsizvelgti dau-
géjant antibiotikams atspariy bakterijy, kurias medicinos, zemés wkio bei
maisto pramonés srityse siekiama kontroliuoti pasitelkiant fagus.
Ginamieji teiginiai:
1. S. thermophilus Csm kompleksas ilgam uzlaiko galinius RNR kar-
pymo produktus bei iSlaiko Cas10 DNazinj aktyvuma po greitos
RNR hidrolizés.

2. Evoliucijos eigoje Camil baltymai susiformavo susiliejant CARF ir
1 RelE panasiems domenams.

3. Camil CARF domenas surisa ir kerpa cAus.

4. CcAy suaktyvinti Camil baltymai kerpa ribosomoje surista mMRNR.

5. Aktyvintas Camil baltymas karpo transliuojamg MRNR gyvose

Escherichia coli bakterijose.

6. Aktyvinto Camil wHTH domenas jungiasi prie ribosomos stiebo

baltymo bL12 C-galinio domeno.

METODAI

niai ir mikrobiologiniai metodai.

Laukinio tipo ir RNazinio aktyvumo mutanto (Csm3.D33A) StCsm
kompleksy raiska buvo atlikta E. coli BL21(DE3) kamiene, kompleksai i$g-
ryninti giminingumo chromatografijos metodais. StCsm kompleksai su sub-
randinta crRNR atskirti atlieckant gelfiltracija. ISgryninty kompleksy giminin-
gumas RNR patikrintas elektroforetinio judrumo poslinkio metodu.

RNR karpymo produkty uzlaikymo tyrimams naudoti hibridiniai RNR
substratai su abiejuose galuose prilydytais dvejomis skirtingomis fluorescen-
cinémis zymémis pazymétais DNR oligonukleotidais (zr. schema Appendix
3). RNR uzlaikymo StCsm tyrimai atlikti FCS metodu, registruojant abiejy
zymiy fluorescencijos fluktuacijas vykstant RNR karpymo reakcijai. Duome-
nys analizuoti dvejopai. Tarpusavio koreliacijos rezimu palyginant abiejy zy-
miy fluktuacija jvertintas abu galinius produktus surisusiy StCsm kompleksy
dalies pokytis reakcijos metu. Autokoreliacijos reZzimu abiejy Zymiy fluo-
rescencijos fluktuacijos analizuotos atskirai jvertinant jomis pazyméty biomo-
lekuliy difuzijos grei¢iy pokyc¢ius dél RNR degradacijos ir disociacijos.
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Eksperimentiniams duomenims pritaikyti trimatés difuzijos modeliai, zymiy
difuzijos pokyc¢iams jvertinti pritaikyti eksponentiniai modeliai.

Cas10 DNazinio aktyvumo trukmei istirti panaudotas fluoroforu ir gesik-
liu pazymétas vgDNR substratas. Reakcijos metu stebimiems fluorescencijos
poky¢iams pritaikytas eksponentinis produkto susidarymo modelis ir apskai-
¢iuota DNazeés reakcijos trukmé.

Anksciau isskirta CARF7 baltymy grupé sudaryta i§ 490 seky (Makarova
et al., 2020a) buvo keliomis pakopomis praplésta jtraukiant homologines se-
kas i§ NCBI ,,nr* baltymy seky duomeny bazés naudojant BLAST (Altschul
et al., 1997). Gautame galutiniame 1521 baltymy seky sgrase CARF, wHTH
ir efektoriniai domenai bei jy ribos buvo nustatytos remiantis jy strukttiriniais
modeliais paruostais AlphaFold 2 metodu (Jumper et al., 2021). MUSCLE
metodu (Edgar, 2004) islygiavus iSskirty CARF7 domeny sekas paruostas fi-
logenetinis CARF7 baltymy grupés medis panaudojant IQTree (Minh et al.,
2020). Tolimesniems tyrimams pasirinkti keturi su Il tipo CRISPR-Cas sis-
temomis susij¢ Camil homologai i§ Allochromatium vinosum DSM180, Cal-
dilinea aerophila DSM14535, Candidatus Cloacamonas acidaminovorans str.
Evry ir Caldicellulosiruptor hydrothermalis 108, atitinkamai, AvCamil,
CaCamil, CCaCamil ir ChCamil. Siuos baltymus su prilietomis giminin-
gumo chromatografijos Zzymémis koduojancios plazmidés (zr. Appendix 1)
uzsakytos i§ Twist Bioscience.

Camil baltymy raiska vykdyta E. coli DH10B kamiene, baltymai isgry-
ninti giminingumo chromatografijos metodais. Camil baltymy oligomeriné
bisena tirpale nustatyta SEC-MALS metodu. AvCamil baltymo kristalai
buvo paruosti gary difuzijos ,,sédin¢io laSo* metodu, kristaliné AvCamil
struktiira nustatyta rentgeno spinduliy kristalografijos metodu. Kity Camil
baltymy struktiiros sumodeliuotos AlphaFold 2 (Jumper et al., 2021).

CAs arba cAs aktyvatoriy karpymo Camil produktai analizuoti masiy
spektrometrijos metodu. AvCamil cAy hidrolizés kinetikos tyrimas atliktas
naudojant radioaktyviai zymétg cAa, reakcijos produktai analizuoti elektrofo-
rezés metodu ir detektuoti autoradiografiskai. Ziedo nukleazés aktyvaus
centro mutantai buvo sukonstruoti Gibson surinkimo metodu, i§gryninti kaip
apraSyta pries$ tai, jy aktyvumas analizuotas taip pat kaip ir laukinio tipo A-
vCamil.

Camil mRNR interferazinis aktyvumas analizuotas in vitro panaudojant
pries tai pasiruostas radioaktyviu RNR substratu programuotas E. coli 70S
ribosomas. AvCamil RelE domeno mutantai paruosti ir i§gryninti kaip
aprasyta anksCiau, jy MRNR interferazinio aktyvumo grei¢io konstantos
palygintos su laukinio tipo baltymo.
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Panaudojant dvigubg ziedo nukleazés ir MRNR interferazés aktyvumo
AvCamil-S11A-H343A mutantg krio-EM metodu nustatyta CAs suriSusio
AvCamil struktiira programuotoje ribosomoje. Krio-EM paveiksly ir daleliy
analizé atlikta naudojant cryoSPARC (Punjani et al., 2017), krio-EM tankio
Zzemélapis paruoStas naudojant cryoSPARC ir phenix (Terwilliger et al.,
2018). Atominis modelis paruostas naudojant Coot (Emsley ir Cowtan, 2004)
ir phenix (Afonine et al., 2012) programing jranga. Struktiiriniy duomeny
atvaizdavimui ir palyginimui naudotos PyMOL (Schrddinger, LLC, 2015) ir
ChimeraX (Pettersen et al., 2021) programos.

Saveika su ribosomos stiebo baltymu bL12 jvertinta tikrinant Camil
baltymy aktyvuma MRNR interferazés reakcijose naudojant ribosomas be
bL12 arba j reakcijy miSinius pridedant atskirai iSgryninto bL12. Analogiskai
patikrintas ir AvCamil wHTH taskiniy mutanty aktyvumas. AvCamil ir bL12
saveika jvertinta naudojant biosluoksnio interferometrijos (angl. biolayer
interferometry, BLI) metoda. Tam ant BLI sensoriy imobilizuoti AvCamil
laukinio tipo baltymai arba wHTH domeno mutantai, baltymai aktyvinti cA4
ir perkelti j bL12 baltymo tirpala. Remiantis BLI sensorgramomis jvertintas
saveikos stiprumas.

Camil baltymy ir jy mutanty toksiskumas gyvoms E. coli bakterijoms
jvertintas atliekant jy ir StCsm komplekso su jo taikiniu raiskg. Bakterijy
augimas jvertintas matuojant suspensijy optinj tankj. mMRNR interferazinis
aktyvumas gyvose bakterijose nustatytas i§ bakterijy su aktyvintu StCsm
kompleksu ir AvCamil baltymais i§gryninus visuming RNR bei atlikus joje
esan¢iy MRNR detekcija ,,northern blot™ metodu.

REZULTATAI

Siuo metu yra iskiriami $esi I1l tipo CRISPR-Cas sistemy potipiai nuo
nuo I1-A iki I11-F (Makarova et al., 2020b). Dr. Gintauto Tamulai¢io vado-
vaujamoje mokslingje grupéje tiriame I11-A potipio sistemos kompleksag Csm
i§ S. thermophilus DGC8004 (StCsm). Miisy tyrimai atskleidé, kad StCsm at-
pazjsta crRNR komplementarius RNR taikinius, kurie yra perkerpami komp-
lekso RNazés Csm3 (Tamulaitis et al., 2014), vieni pirmyjy parodéme, kad
suri$us taikinio RNR komplekse yra aktyvinamas Cas10 subvieneto DNazinis
(Kazlauskiene et al., 2016) ir polimerazinis-ciklazinis (Kazlauskiene et al.,
2017) aktyvumas. Taip pat hustatéme ir kity komplekso subvienety funkcijas
(Mogila et al., 2019). Galiausiai parodéme, kad StCsm sintetina jvairaus
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dydzio cOA, i§ kuriy cAs aktyvina susijusia CARF1-HEPN RNaze Csm6
(Kazlauskiene et al., 2017; Smalakyte et al., 2020).

Sis darbas yra III tipo CRISPR-Cas sistemy ir StCsm komplekso tyrimy
tasa. Pirmojoje Sio santraukos skyriaus dalyje aprasyti StCsm Cas10 subvie-
neto reguliacijos tyrimai pasitelkiant fluorescencinius metodus. Toliau prista-
tomi funkciniai ir struktdriniai pagalbiniy baltymy Camil $eimos tyrimai, Ku-
rie atskleidé, kad Camil yra transliacijg slopinantys efektoriai aktyvinami
CA..

« StCsm komplekso reguliacijos tyrimas

Ankstesniy tyrimy metu pastebéta, kad taikinio RNR aktyvintas StCsm
DNazinj (Kazlauskiene et al., 2016) ir polimerazinj-ciklazinj (Kazlauskiene et
al., 2017) islaiko desimtis minuéiy nors pati taikinio RNR yra degraduojama
per grei¢iau negu minute (Tamulaitis et al., 2014). Sukirpus RNR DNazinis ir
polimerazinis-ciklazinis aktyvumas nuslopsta eksponentiskai (Kazlauskiene
etal., 2017, 2016). Remiantis $iais rezultatais buvo iskelta hipoteze, jog RNR
karpymo produktai lieka prisijungg prie StCsm komplekso ir aktyvina Cas10
subvienetg ilgiau negu vyksta RNR karpymas. Siekdami tai patikrinti, nusp-
rendéme tiesiogiai sekti RNR karpymo produkty disociacija i§ komplekso pa-
sitelkdami fluorescencinés koreliacinés spektroskopijos (FCS) metods ir nus-
tatytas produkty uzlaikymo trukmes palyginti su Cas10 DNazinio aktyvumo
trukme.

e QGaliniai RNR karpymo produktai yra uzlaikomi StCsm

StCsm kerpa taikinio RNR penkiose vietose, kas 6 nt susidarant keliems
vidiniams ir dviems galiniams produktams (Tamulaitis et al., 2014). Mes pa-
ruoséme galuose skirtingomis fluorescencinémis zymémis pazymétus RNR
substratus ir vykdéme jy karpymo StCsm reakcijas. Reakcijos metu matavome
miSinio fluorescencija FCS metodu dviejy spalvy rezimu. Tam dviejy Zadi-
nanciy lazeriy spinduliai buvo sufokusuoti j ta patj $viesos difrakcijos apribota
(konfokalinj) tiirj reakcijos miSinyje. StCsm suristoms taikinio RNR moleku-
léms difunduojant j arba i$ konfokalinio tiirio (1A pav.) registruojamos fluo-
rescencijos intensyvumo fluktuacijos dviejuose atskiruose kanaluose. Atlikus
fluktuacijy duomeny koreliacing analize jvertinamas StCsm suristy (difunduo-
janciy kartu) ir paleisty (difunduojanciy atskirai) RNR fragmenty kiekio po-
kytis reakcijos metu.
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1 pav. StCsm uzZlaikomy galiniy RNR karpymo produkty analizé naudojant FCS
metoda dviejy spalvy reZimu. (A) Schema vaizduojanti StCsm ir fluorescenciskai
pazymétos RNR difuzija per konfokalin;j ttirj. Nurodyti skirtingomis fluorescenciné-
mis zymémis pazyméti 3’ ir 5' RNR substrato galai. (B) StCsm giminingumas tyrime
naudojamiems RNR substratams. Elektroforetinio judrumo poslinkio eksperimentai
atlikti dukart. (C) Fluorescencijos kroskoreliacijos kreivés nustatytos skirtingais S3/a
substrato karpymo reakcijos su WT StCsm etapais (i$tisos spalvotos linijos). Kiek-
viena kreivé apskaiCiuota pagal vienos minutés intervaly fluorescenciniy signaly
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duomenis (visa reakcijos trukmé yra penkios valandos). Duomenimis pritaikyti trima-
tés difuzijos modeliai pazymeéti punktyrinémis linijomis. (D) Kreivés vaizduojancios
S3/a substrato kroskoreliacijos amplitudés G, priklausomybe nuo laiko reakcijos mi-
Siniuose esant (mélyna) ir nesant (pilka) StCsm. (E) Wt StCsm reakcijy su S3/a (mé-
lyna), S3/n (zydra) arba NS (purpuriné) RNR substratais kroskoreliacijos amplitudés.
(F) Kroskoreliacijos amplitudés vykstant S3/a RNR karpymo reakcijoms su WT
StCsm (mélyna) arba StCsm RNazés mutantu (oranzing). Kroskoreliacijos amplitudés
miSinyje be StCsm pazymétos pilka spalva. (D), (E) ir (F) paveiksluose istisinés lini-
jos atitinka trijy matavimy vidurkj, spalvoti plotai atitinka diapazong tarp didziausios
ir maziausios matavimy vertés. Visos kreivés normalizuotos pagal pirmaji duomeny
taskg. NS — nespecifinis RNR substratas.

Siems eksperimentams paruostas subrandinta homogeniska crRNR pra-
turtintas StCsm kompleksas be gryninimo zymiy. RuoS$iant kompleksa
naudotas S3 skirtukg i§ S. thermophilus DGCC8004 CRISPR2 regiono turin-
¢ig crRNR koduojantis konstruktas (Tamulaitis et al., 2014). Mes paruo$éme
180 nt dydZio RNR substratus (Appendix 2) ir nustatéme WT StCsm giminin-
guma Siems substratams elektroforetinio judrumo poslinkio metodu. Specifi-
niai S3/a ir S3/n substratai, kurie yra pilnai komplementaris S3 skirtukui, pa-
sizyméjo auksStu giminingumu lyginant su nekomplementariu NS substratu
(1B pav.). S3/a néra komplementarus 8 nt dydzio crRNR 5'-galinei zymai ir
atitinka ,,svetima“ RNR taikinj infekcijos metu, o S3/n, kuris yra komplemen-
tarus visai crRNR sekai, atitinka CRISPR regiono prieSprasminj (,,sava™)
transkripta (Appendix 3); crRNR 5'-galinei zymai nekomplementaris RNR
substratai aktyvina Casl10, o komplementariis §j subvienetg slopina (Kazlaus-
kiene et al., 2016). StCsm giminingumo nukleortig§tims tyrimas parodé, kad
Sis kompleksas pasizymi auks$tu giminingumu skirtukui komplementariems
RNR substratams (Kq < 0.3 nM) kaip stebéta anks¢iau (Mogila et al., 2019;
Tamulaitis et al., 2014).

FCS tyrimams RNR substratus pazyméjome prilydydami 5'-ATTO647N
(,,Red-probe®) ir 3'-ATTO532 (,,Green-probe‘) pazymétus DNR oligonukleo-
tidus prie, atitinkamai, 3" ir 5' RNR galiniy regiony (Appendix 2 ir Appendix
3). Siems substratams prisijungus prie StCsm, raudonoji ATTO647N Zzymé
atsiduria Salia Cas10 esancioje StCsm komplekso puséje, o Zalioji ATTOS532
zymé — nuo Cas10 nutolusioje pus¢je.

Prie$ kiekvieng FCS matavimg StCsm kompleksai (10 nM) buvo inku-
buojami kartu su pazymétais RNR substratais (2 nM) reakcijos miSinyje be
dvivalen¢iy jony. Reakcija pradéta j reakcijos misinj pridedant MnCly, kuris
butinas Csm3 RNaziniam aktyvumui (Tamulaitis et al., 2014). Jeigu komp-
leksas yra suriS¢s neperkirpta RNR arba jos galinius kirpimo produktus, jis
per konfokalinj tiirj difunduoja su abiem fluoroforais, kas atitinka auksta

113



kroskoreliacijg (angl. cross-correlation) tarp abiejy fluorescencijos signaly.
StCsm paleidus bent vieng i$ galiniy produkty fluoroforai per konfokalinj tiir]
difunduoja atskirai, signalai tokiu atveju nustoja koreliuoti (1A pav.). Didziaja
dalj FCS matavimy atliko dr. Patrick Irmisch.

Pirmiausiai nustatéme StCsm aktyvinancio S3/a RNR substrato karpymo
produkty disociacijos dinamika. Tuo tikslu apskai¢iavome kroskoreliacijos
funkcijas tarp abiejy fluorofory signaly skirtingais RNR karpymo reakcijos
eigos etapais (istisinés linijos 1C pav.). Kroskoreliacinéms funkcijoms buvo
pritaikytas trimatés difuzijos modelis:

1

(1+%) 1+ﬁ'

G(1) = G, [1]

kur G, yra kroskoreliacijos amplitude, T vidutinis difuzijos laikas, k = 4.9
(gamintojo nurodyta) specifiné konstanta aprasanti vertikaly konfokalinio tu-
rio i§tjsimg lyginant su sfera (punktyrinés linijos 1C pav.). Kroskoreliacijos
amplitudé yra proporcinga abiem fluoroforais pazyméty biomolekuliy kon-
centracijai (Bacia ir Schwille, 2007). Siuo atveju G, verté proporcinga neper-
kirptos RNR arba StCsm komplekse suristy galiniy karpymo produkty pory
suminei koncentracijai. Atvaizdavus G, kaip funkcijg nuo reakcijos laiko ste-
bimas eksponentinis nykimas (mélyna kreivé 1D pav.). Taip pat apskaicia-
vome G, kreive ir miSinyje be StCsm komplekso (pilka kreivé 1D pav.), $iuo
atveju amplitudés pokytis buvo nedidelis. Normalizavome kroskoreliacijos
duomenis matuojant reakcijos misinj su StCsm pagal duomenis i§ misinio be
komplekso ir amplitudés poky¢iui pritaikéme eksponentinio nykimo modelj:

R(t) — (1 — Roo)e_t/(tuilaikymas> + Roo: [2]

kur R(t) yra amplitudé laiku t, R, yra amplitudé atitinkanti neperkirpta arba
nepaleistg RNR ir (tyz4ikymas) Yra vidutineé RNR galy uzlaikymo trukmé.
Remiantis trijy nepriklausomy matavimy duomenimis (tyzqikymas) = 84 £ 1
min, kas Zymi, kad RNR karpymo reakcijos metu abu galiniai produktai vidu-
tiniskai yra uzlaikomi daugiau negu valanda.

Atlikome FCS matavimus ir su kitais RNR substratais. Reakcijos misi-
niuose su WT StCsm naudojant crRNR komplementarius S3/a ir S3/n yra ste-
bimas G, sumazéjimas laikui bégant, taciau naudojant NS substratg G, kei-
¢iasi nezymiai (1E pav.). Reakcijos misiniuose, kuriuos S3/a buvo inkubuoja-
mas su StCsm komplekso RNazés mutantu arba be komplekso, stebimas
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nedidelis G, pokytis lyginant su matavimy, kuomet buvo naudotas WT
StCsm, rezultatais (1F pav.). Sie rezultatai patvirtina, kad kroskoreliacijos
amplitudé ilgainiui sumazéja dél RNR karpymo Csm3 subvienetuose ir pro-
dukty difuzijos i§ kompleksy.

FCS duomenis taip pat apdorojome vienos spalvos (autokoreliacijos) re-
zimu siekdami patikrinti ar kroskoreliacijos amplitudés sumazejima StCsm
karpant S3/a substrata nulémé kurio nors vieno galinio produkto disociacija.
Tam atskirai apskai¢iavome autokoreliacijos kreives raudonajam ir zaliajam
fluoroforui (2A pav.), kuriais, atitinkamai, buvo pazymétos 3'-galo ir 5'-galo
RNR substraty pusés. Pastebéjome, kad reakcijos metu autokoreliacijos krei-
vés pasislenka trumpesniy uzlaikymo trukmiy link, kas zymi, jog reakcijos
metu padaugéja i§ komplekso disociavusiy galiniy RNR produkty, kurie dél
mazesnés masés grei¢iau difunduoja per konfokalinj ttrj (Ries ir Schwille,
2012). Autokoreliacijos kreivéms pritaikéme praplésta trimatés difuzijos mo-
delj apimantj dviejy tipy (dviejy skirtingy masiy) daleles — 1é¢iau difunduo-
jancius StCsm komplekse uzlaikytus RNR galus ir grei¢iau difunduojancius
i§ komplekso paleistus RNR galus.

Raudonojo fluoroforo autokoreliacijos kreivéms buvo pritaikytas prap-
léstas difuzijos modelis aprasantis dviejy skirtingy daleliy difuzija su atitinka-
momis amplitudémis G, ir G, bei difuzijos laikais 7, ir t,:

1 1 1
+ G,

(1+TT—1) 1+k2LT1 (1+%) 1+k2er. [3]

G(t) =G,

Zaliojo fluoroforo autokoreliacijai taip pat taikytinas dviejy difunduojan-
¢iy daleliy grupiy modelis, taciau dalyje Zaliyjy fluorofory buvo suzadinta
tripletiné busena, kurios metu fluorescencija nevyksta (Ha ir Tinnefeld, 2012).
Dé¢l kelias mikrosekundes trunkancios tripletinés biisenos (blyks¢jimo) yra
stebimas autokoreliacijos padidéjimas atitinkamame uzlaikymo trukmiy inter-
vale (2A pav.). Si autokoreliacijos dedamoji néra susijusi su milisekundziy
trukmés molekuliy difuzija, todél modelis buvo prapléstas jtraukiant papil-
domg amplitudg T ir tripletinés blisenos trukme 74 (Lakowicz, 2006):

1 1 1 1

(1+%) 1+# 2(1+%) 1+#

G(t)=|G,

(1+Ze ). [4]
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Pritaikyti modeliai atitiko eksperimentiskai gautas autokoreliacijos krei-
ves visame tirtame uzlaikymo trukmiy intervale (punktyrinés linijos 2A pav.).
Pagal gautas greiCiau ir lé¢iau difunduojanéiy daleliy amplitudes ir difuzijos
trukmes apskaiCiavome abiejy grupiy svertines vidutines difuzijos trukmes tp
kiekviename minutés trukmés RNR karpymo reakcijos intervale:

S G171 + Gy, (5]
p=——"
G, + G,
A : B 15[ J ! ]
. artimas Cas10 be komplekso
1.0
= © 0.5 ’
2 S <t.imas™> = 84 min
5 ] ] 1 1
__§_ 10° 10° 104 10 102 10" -% 0 100 200 300
@
£ £ 15[ ! I -
3 z be komplekso
1.0
0.5
<thuoles™ = 119 min
1 1
10 10° 10* 10° 102 10" 0 100 200 300
UzZlaikymo trukmé (s) Laikas (min)

2 pav. Fluorescencijos autokoreliacijos spektroskopijos biidu nustatytos galiniy
RNR karpymo produkty uZlaikymo trukmés. (A) Salia Cas10 esancio (pazyméto
raudonuoju ATTO647N fluoroforu) ir nuo Casl0 nutolusio (pazyméto zaliuoju
ATTOS532 fluoroforu) galiniy produkty autokoreliacijos kreivés nustatytos S3/a RNR
karpymo reakcijos su WT StCsm metu. Pavaizduotos kreivés gautos apdorojus vienos
minutés trukmés duomenis 1 ir 180 min po reakcijos pradZzios (iStisinés linijos). Punk-
tyrinémis linijomis paZymeéti pritaikyti modeliai (zr. tekste) aprasantys greiiau ir lé-
¢iau difunduojancias daleles. Pavaizduotos reprezentatyvios kreiveés i$ trijy pakarto-
jimy. (B) Galiniy RNR karpymo produkty vidutinés difuzijos trukmés poky¢iai prik-
lausomai nuo reakcijos laiko reakcijos miSinyje esant (raudona ir Zalia istisinés lini-
jos) arba nesant (pilkos linijos) WT StCsm. Pritaikyti eksponentinio nykimo modeliai
([5] lygtis) pazyméti punktyrinémis linijomis. Duomenys normalizuoti pagal pirmajj
kreivés taska.

7p funkcija nuo reakcijos laiko atvaizduota istisinémis linijomis 2B pav.
Vidutinés difuzijos trukmés pokyciai reakcijos misiniuose esant StCsm atitiko
eksponentinj nykima, ta¢iau misiniuose be StCsm kito neZymiai. Pirmosioms
kreivéms pritaike¢ eksponentinio nykimo modelj (analogiska [2] lyg¢iai, pazy-
méta punktyrinémis linijomis 2B pav.) nustatéme viduting uzlaikymo trukme
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(tartimas) = 84 + 2 min Salia Cas10 esan¢iam 3'-galo produktui ir (t,y¢ores) =
119 + 3 min nuo Cas10 nutolusiam 5’-galo produktui.

Darant prielaida, kad abu galiniai produktai yra uzlaikomi nepriklauso-
mai, vidutiné bent vieno i§ jy uzlaikymo trukmé galéty biti apskaiciuojama
taip:

1 1 1

[6]

(tuilakymas,nepr> (tartimas) (tnutoles) '

kas atitikty (€, 51akymasnepr) = 50 Min. Vis délto pries tai kroskoreliacinés a-
nalizés metu nustatyta bendro galy uZlaikymo trukmé yra (tyzqikymas) = 84
+ 1 min (pagal 1D pav.). Sis neatitikimas galimai atsiranda dél to, kad RNR
galai po karpymo reakcijos yra paleidziami ne atsitiktinai, o priklausomai vie-
nas nuo kito, taciau Siam spéjimui patikrinti reikéty atskiry tyrimy. Nepaisant
to autokoreliacijos kreiviy analizé atskleidé, kad abu galiniai RNR karpymo
produktai komplekse yra uzlaikomi po ilgiau negu valanda.

Toliau tikrinome Kaip ilgai yra uzlaikomi vidiniai RNR karpymo produk-
tai. Tam panaudojome skirtuko srityje ATTO647N fluoroforu paZzyméta 68 nt
S3/iL substratg (Appendix 2). StCsm suriSus $j substrata fluorescenciné zymé
turéty atsidurti priesais Csm3.3 (trecigjj nuo Casl0) subvieneta (Appendix 3).
S3/iL ir StCsm reakcijos miSinio fluorescencija pridéjus MnCl, buvo regist-
ruojama FCS metodu, duomenys analizuoti autokoreliacijos rezimu. Reakci-
jos pradzioje autokoreliacijos kreivé (geltona linija 3A pav.) atitinka pries tai
analizuotas autokoreliacijos kreives (2A pav.), ta¢iau reakcijos metu dél S3/iL
karpymo $i autokoreliacijos kreivé j trumpesniy uzlaikymo trukmiy ruoza pa-
sislenka grei¢iau (mélyna linija 3A pav.). Autokoreliacijos kreivéms pritai-
kéme pries tai naudota dviejy difunduojanciy daleliy grupiy model; (lygtis
[3]), kuris atitiko eksperimentinius duomenis (punktyrinés linijos 3A pav.).
Svertines vidutines difuzijos trukmes vienos minutés reakcijos intervaluose
apskai¢iavome taip pat, kaip ir pries tai, pritaike [5] lygti. Atvaizdave viduti-
nés difuzijos trukmés priklausomybe nuo reakcijos laiko pastebéjome i$
dviejy faziy sudaryta pokytj (mélyna linija 3B pav.). T, (t) duomenims pritai-
kéme nykimo modelj atitinkantj dviejy eksponentinio nykimo modeliy suma:

Tp(t) = Aje~t/ ) 4 Aot/ () 7 [7]
kur 7, yra santykiné trumpy fragmenty difuzijos trukmé eksperimento pabai-

goje, A1 =1—A, — 1, Ir A,, atitinkamai, yra dviejy difunduojanciy mo-
lekuliy grupiy, kurios vidutini§kai uzlaikomos (t;) arba (t,), amplitudés.
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Modelis atitiko duomenis (punktyriné linija 3B pav.), pagal jj apskaiciuotos
uzlaikymo trukmeés (t;) ir (t,). Jas palygine priskyréme tokias uzlaikymo
trukmiy vertes: (¢(7amP) = 10+ 0. minir {¢59% . ) = 25+ 4 min. RNR kar-
pymo StCsm metu susidaro ne tik galutiniai ir 6 nt ilgio vidiniai, bet ir tarpiniai
>12 nt produktai (Mogila et al., 2019; Tamulaitis et al., 2014). Manome, kad
trumpoji fazé atitinka galutiniy vidiniy karpymo produkty uzlaikyma, o ilgoji
fazé — tarpiniy produkty uzlaikyma. Panaudodami StCsm RNazinio aktyvumo
mutantg atlikome kontrolinj matavimg tokiomis paciomis salygomis. Kaip ir
tikétasi, vidutiné molekuliy difuzijos trukmé §io matavimo metu isliko nepa-
Kitusi (pilka linija 3B pav.), kas zymi, jog RNR nebuvo karpoma.

B
—1of o 15F T T
= 10 o StCsm RNazés
(g S mutantas
- N
g = 1.0F
Sos E | \<tmnee> =1 min
E Z sk <92 > =25 min_|
z
0f 1 1 1
10¢ 10° 10* 103 102 107 0 100 200 300
UZlaikymo trukmé (s) Laikas (min)

3 pav. Fluorescencijos autokoreliacijos spektroskopijos biidu nustatytos vidiniy
RNR karpymo produkty uzlaikymo trukmés. Vidiniu ATTO647N fluoroforu pa-
zyméto S3/iL substrato karpymo su WT StCsm produkty autokoreliacijos kreivés. Pa-
vaizduotos kreivés gautos apdorojus vienos minutés trukmés duomenis 1 ir 50 min po
reakcijos pradzios (istisinés linijos). Punktyrinémis linijomis paZymeéti pritaikyti mo-
deliai apraSantys greiciau ir lé¢iau difunduojancias daleles. Pavaizduotos reprezenta-
tyvios kreivés i$ trijy pakartojimy. (B) Vidiniy RNR karpymo produkty vidutinés di-
fuzijos trukmés poky¢iai priklausomai nuo reakcijos laiko naudojant WT StCsm (mé-
lyna istisiné linija) arba StCsm RNazés mutanta (pilka linija). Pritaikytas dviejy faziy
eksponentinio nykimo modelis ([7] lygtis) pazymétas punktyrine linija. Duomenys
normalizuoti pagal pirmajj kreivés taska.

Vidiniy RNR karpymo produkty difuzijos matavimai parodé, kad $ie pro-
duktai StCsm komplekse yra uzlaikomi 10-100 karty trumpiau negu galiniai
RNR karpymo produktai. Tai leidzia teigti, kad greita RNR karpymo kinetika
labiau atitinka vidiniy, o ne galiniy, produkty uzlaikymo trukmé.

e (Casl0 aktyvumo trukmé atitinka RNR galy uzlaikymo trukme

Tolimesniame etape tyrime nuo RNR priklausomo Cas10 subvieneto ak-
tyvumo reguliacijg laike. Tam panaudojome 6 nt dydzio FQ-DNA oligonuk-
leotida, kuris pazymétas 6-FAM fluoroforu 5’-gale ir BHQ-1 fluorescencijos
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gesikliu 3'-gale (Appendix 2). Neperkirptame DNR substrate fluoroforas ir
gesiklis yra $alia vienas kito, todél fluorescencija yra gesinama. Reakcijos mi-
Sinyje StCsm kompleksg aktyvinus RNR substratu dél Cas10 DNazinio akty-
vumo DNR yra kerpama, fluoroforas atskiriamas nuo gesiklio ir stebimas
fluorescencijos padidé¢jimas (4A pav.). Karpydami zinomos koncentracijos
FQ-DNA substrata mikroky nukleaze nustatéme fluorescencijos intensyvumo
priklausomybe nuo perkirptos DNR kiekio (Appendix 4). Tolimesnius StCsm
Cas10 DNazinio aktyvumo matavimus atliko dr. Patrick Irmisch.

Pirmiausiai iStyréme StCsm Cas10 DNazg¢ aktyvinimui naudodami S3/a
RNR substratg (mélyna linija 4B pav.). Reakcijos atliktos naudojant 50 karty
didesnj FQ-DNA pertekliy lyginant su WT StCsm ir S3/a, kuriy reakcijos mi-
Sinyje buvo po 2 nM. Reakcijos metu buvo stebimas didéjantis perkirptos
DNR kiekis, kuris galiausiai stabilizavosi, kas zymi slopstantj DNazés akty-
vumag. Perkirptos DNR kaupimuisi reakcijos metu buvo pritaikytas eksponen-
tinio pokycio modelis:

c(t) = A(l — e_t/<tDNazé>), [8]

kur c(t) yra perkirpto DNR substrato koncentracija laiku t, A atitinka visos
perkirptos DNR kiekj ir (tpyqze) yra vidutiné DNazés aktyvumo trukmé re-
akcijos metu. Nustatyta (tpyqze) = 68 £ 1 min verté atitinka stebétg galiniy
(bet ne vidiniy) RNR karpymo produkty uzlaikymo trukme (tysaikymas) = 84
+ 1 min ir labiau panasi j Salia Casl0 esan¢io RNR galo uzlaikymo trukme
(tartimas) = 84 £ 2 min negu nuo Casl0 nutolusio galo uzlaikymo trukme
(trutotes) = 119 £ 3min. Vidutiné DNazés aktyvumo trukmé yra ilgesné negu
vidiniy substraty uzlaikymo trukmé (3 pav.). Sie duomenys paremia miisy hi-
poteze, jog komplekse uzlaikyti galiniai RNR karpymo produktai stimuliuoja
DNazinj aktyvuma.

Atlikome kontrolinius matavimus be RNR substrato (pilka linija 4B pav.)
arba naudojant StCsm slopinantj S3/n substratg (Zydra linija 4B pav.), kuris
yra komplementarus ctRNR 5’ sri¢iai. Abiem atvejais pasteb&jome, kad DNa-
zinis aktyvumas yra Zemas. Reakcijos miSinyje be RNR stebimas foninis
DNazés aktyvumas, kuris buvo stebétas ir anks¢iau (Kazlauskiene et al.,
2016). Taip pat atlikome DNazinio aktyvumo matavimus naudodami StCsm
RNazés mutanta ir aktyvinanéia S3/a RNR (oranziné linija 4B pav.). Siuo at-
veju pastebéjome neslopstantj DNazinj aktyvuma, kas patvirtina ankstesnius
pastebéjimus, kad RNR karpymas yra butinas Cas10 DNazinio aktyvumo nus-
lopinimui po StCsm aktyvacijos (Kazlauskiene et al., 2016).
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4 pav. StCsm Cas10 DNazés aktyvumo tyrimai. (A) StCsm komplekso DNazés
aktyvacijos RNR schema. Perkirpus FQ-DNA substrata nuo gesiklio atskiriamas fluo-
roforas. (B) Perkirptos DNR kiekio priklausomybé nuo reakcijos laiko. Linijos ati-
tinka trijy pakartojimy vidurkj. Reakcijos pradétos sumaisant 2 nM StCsm (WT arba
RNazés mutantg) kartu su 2 nM RNR substrato ir 100 nM FQ-DNA (RNazés mutanto
atveju — 200 nM), reakcijos komponentai pateikti legendoje. DNR karpymo reakcijai
naudojant WT StCsm ir S3/a pritaikytas eksponentinis modelis ([8] lygtis) pazymétas
punktyrine linija. (C) DNazés reakcijos kei¢iant aktyvinan¢ios RNR koncentracija re-
akcijos miSinyje. Spalvotos linijos atitinka trijy matavimy vidurkj, atitinkami spalvoti
plotai Zymi réZius tarp maziausios ir didziausios matavimy vertés. Reakcijos atliktos
kaip (B) naudojant WT StCsm ir nurodytas S3/a substrato koncentracijas. Punktyrinés
linijos zymi pritaikyta eksponentinio kitimo su foniniu aktyvumu modelj ([9] lygtis).
(D) Aktyvinto StCsm perkirptos DNR kiekis A ir vidutiné DNazés aktyvumo trukmeé
(t) priklausomai nuo naudotos RNR koncentracijos. Vertés gautos (C) pateiktiems
duomenims pritaikius eksponentinio kitimo su foniniu aktyvumu modelj. Paklaidos
nurodo standartinj nuokrypj.

Esant RNR substrato nepritekliui parodéme, kad jo karpymo produktai
uzlaikomi (ty514ikymas) = 84 = 1 min (1D pav.). Anks¢iau nustatyta, kad esant
substrato pertekliui StCsm apsisukimy skai¢ius yra k., = 3.0 £ 0.6 min, kas
atitinka tris perkirptas RNR substrato molekules viename komplekse per mi-
nute (Kazlauskiene et al., 2016). Tai reiSkia, kad padidinus RNR koncentra-
cijg, substrato molekulés gali greitai pakeisti i§ StCsm nepaleistus karpymo
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produktus. Darant prielaidg, jog DNazinj aktyvuma i$ tikryjy stimuliuoja su-
risti RNR substrato galai, RNR substrato pakeitimas esant jo pertekliui turéty
tik nezymiai lemti suminj perkirptos DNR kiekj. Taip yra dél to, kad RNR
perteklius yra greitai (lyginant su uzlaikymo trukme) degraduojamas dél
auksto RNazinio aktyvumo, tad Cas10 santykinai ilgiau bty stimuliuojamas
ne suri§to RNR substrato, o jo karpymo produkty. Esant RNR nepritekliui ak-
tyvinty Cas10 subvienety kiekis (ir, atitinkamai, perkirptos DNR kiekis) biity
apribotas substrato koncentracijos.

Siekdami tai patikrinti, iSmatavome DNazinj aktyvumg naudodami jvai-
rias S3/a RNR substrato koncentracijas i§laikydami WT StCsm ir FQ-DNA
DNR substrato koncentracijas kaip pries tai (4C pav.). Duomenims pritaikéme
eksponentinj modelj atsizvelgiant j foninj aktyvuma:

c(®) = A(1— e~ + kgt [9]

kur amplitudé A yra visas aktyvinto komplekso perkirptos DNR kiekis, (t)
yra vidutiné DNazinio aktyvumo trukmé ir kf yra foninio DNazinio akty-
vumo, kuris reik§mingas méginiuose be taikinio RNR (Kazlauskiene et al.,
2016), greitis. Sj modelj pritaike DNazinio aktyvumo duomenims (punktyri-
nés linijos 4C pav.) nustatéme perkirptos DNR kiekius ir DNazinio aktyvumo
trukmes reakcijos miSiniuose su jvairiomis aktyvinan¢ios RNR koncentraci-
jomis (4D pav.).

Esant S3/a RNR nepritekliui aktyvinto komplekso perkirptos DNR kiekis
A didéjo didinant RNR substrato koncentracija. Esant RNR pertekliui A di-
déjo nezymiai didinant RNR koncentracija. Kei¢iant RNR koncentracijag DNa-
zinio aktyvumo trukmé (t) keitési nezymiai 60-80 min ribose.

Sie rezultatai atitinka prie§ tai aprasytas prielaidas, jog didinant RNR
substrato koncentracijg aktyvinty StCsm kompleksy dalis didéja iki tol, kol
RNR koncentracija tampa didesné negu StCsm. Cas10 aktyvumo trukmé nep-
riklauso nuo RNR koncentracijos ir yra artima galiniy RNR kompleksy uZlai-
kymo trukmei. Tai leidzia susieti Siuos du procesus, kaip aptariama kitame
skyriuje.

e Pagrindiniai Csm komplekso reguliacijos mechanizmo bruozai

FCS eksperimenty RNR karpymo produkty uzlaikymo duomenys bei
DNazinio aktyvumo matavimai leidZia papildyti ITI-A tipo CRISPR-Cas efek-
torinio Csm komplekso aktyvumo reguliacijos mechanizmg (5 pav.).
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5 pav. Siiilomas Csm komplekso reguliacijos mechanizmas. Schemoje pavaiz-
duota Csm komplekso reguliacija prisijungus specifinei RNR. Csm3 subvienety per-
kirptos RNR galiniai produktai stimuliuoja Cas10 aktyvumg. Esant RNR pertekliui
galiniai produktai pakei¢iami substrato molekulémis nepertraukiant Cas10 aktyvumo.
Zr. detaly mechanizmo aprasymg tekste. RNR karpymo grei¢io konstanta k esant
substrato nepritekliui (esant 25 °C) ir apsisukimy skai¢ius k.4, (esant 37 °C) buvo
nustatyti anks¢iau, atitinkamai, (Tamulaitis et al., 2014) ir (Kazlauskiene et al., 2016).

Fluorescencijos kroskoreliacijos matavimai naudojant dviem fluoroforais
pazymétus RNR substratus parodé, kad StCsm sukarpius taikinio RNR abu
galai yra uzlaikomi komplekse ilgiau negu valanda, (t,saikymas) = 84 £ 1
min (1 pav.). Si trukmé skiriasi nuo sekundes trunkan¢io RNR karpymo esant
substrato nepritekliui arba pertekliui (Tamulaitis et al., 2014; Kazlauskiene et
al., 2016). Sie duomenys leidzia teigti, kad RNR karpymo produktai yra uz-
laikomi nebent substrato molekulé komplekse juos pakeicia.

Tiriant abiejy galiniy RNR produkty uzlaikymg autokoreliacijos rezimu
nustatyta, kad Salia Cas10 esantis galas yra uzlaikomas trumpiau negu nuo
Cas10 nutoles galas ({tartimas) = 84 = 2 Min ir (tpytores) = 119 £ 3 min)
(2 pav.), o vidiniai produktai paleidziami dar grei¢iau (3 pav.). Rezultatai nep-
rieStarauja minciai, jog galiniy produkty uzlaikymas tarpusavyje gali buti
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koordinuotas — sprendZiant pagal uzlaikymo trukmes pirma disocijuoja $alia
Cas10 esantis produktas, o tuomet paleidziamas kitoje komplekso puséje su-
riStas produktas. Norint detaliau patikrinti galima kooperacija reikéty papil-
domy tyrimy.

D¢l 5'-3' transkripcijos krypties Salia Cas10 esancioje puséje suriSama
susintetintos RNR 3'-galiné dalis nukreipiant Cas10 j RNR polimerazés puse.
Sioje komplekso dalyje po karpymo suristas transkriptas islaiko kompleksa
Salia transkribuojamos DNR, kas galéty padidinti RNR polimerazés iSstumtos
DNR grandinés karpymo efektyvuma (Tamulaitis et al., 2017; van Beljouw et
al., 2022). Vis délto sioje komplekso dalyje tarp I11-A tipo Csm ir I11-B tipo
Cmr, atitinkamai, Csm4-Cas10 ir Cmr3-Cas10 subvienety pory, yra struktiiri-
niy ir pavir§iaus elektrostatikos skirtumy (Li et al., 2024), tad lieka nezinoma
ar Cmr kompleksai yra uzlaiko 3’-galo karpymo produktus.

Cas10 DNazés tyrimai parodé, kad po aktyvacijos StCsm islieka aktyvin-
toje biisenoje apie valanda, (tpyqze) = 68 + 1 min. Si verté panasi j RNR uz-
laikymo trukme, kas mums leidzia teigti, kad uzlaikyti RNR produktai stimu-
liuoja Cas10 aktyvuma III-A tipo CRISPR-Cas kompleksuose (5 pav.). Sj me-
chanizma taip pat paremia pastebéjimas, kad StCsm RNazés mutantas negali
grizti  neaktyvig buisena, nes RNR néra kerpama ir paleidziama (4B pav.).
Nors abu galiniai RNR produktai yra ilgam suriSami po RNR karpymo, ma-
nome, kad $alia Cas10 esantis, 0 ne nuo jo nutoles produktas galéty regulivoti
Cas10 subvieneta. Remiantis ankstesniy tyrimy rezultatais, biitent $i substrato
dalis yra svarbi savas-svetimas atpazinimui ir, priklausomai nuo sekos, slo-
pina arba aktyvina Cas10 (Elmore et al., 2016; Kazlauskiene et al., 2016; Li
etal., 2024; T. Y. Liuetal., 2017; Wang et al., 2018).

Sukarpytos DNR kiekis priklauso nuo RNR koncentracijos esant RNR
substrato nepritekliui (4D pav.), kas reiskia, kad tokiomis saglygomis aktyvinto
komplekso koncentracija yra apribota RNR substrato kiekio reakcijos misi-
nyje. Esant substrato pertekliui stebimas jsisotinimo efektas dél greitos subst-
rato degradacijos parodytos ankstesniy tyrimy metu (Kazlauskiene et al.,
2016). Degradavus substrato pertekliy uzlaikyti karpymo produktai gali iSlai-
kyti kompleksa aktyvintoje biisenoje kaip ir RNR nepritekliaus atveju (5 pav.,
apacioje desingje). Si savybe leidzia uztikrinti apsauga, jeigu uzpuoliko geny
raiska yra itin didelé. Pastebima, kad tokiy geny fragmentai daznai yra naujy
skirtuky Saltinis Il tipo CRISPR regionuose (Aviram et al., 2022; Gonzalez-
Delgado et al., 2019; Silas et al., 2016).

Pirmuosiuose darbuose, parodziusiuose StCsm Cas10 HD domeno DNa-
zinj (Kazlauskiene et al., 2016) ir Palm domeno polimerazinj-ciklazinj (Kaz-
lauskiene et al., 2017) aktyvuma, pateikti biocheminiai eksperimentai
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atskleidé, kad abu aktyvumai nuslopsta per kelias deSimtis minuciy po akty-
vinimo prisijungus RNR. Remiantis ir $ioje disertacijoje pateiktais rezultatais,
galima spéti, kad komplekse uzlaikyti RNR karpymo produktai stimuliuoja ne
tik DNazinj, bet polimerazinj-ciklazinj aktyvuma (5 pav.). Infekcijos metu tai
reiksty, kad cOA yra sintetinami ilgesnj laiko tarpa, kas galéty lemti labiau
iSreiksta pagalbiniy CARF baltymy gynybinj atsaka. Galima funkcinj rysj tarp
RNR produkty uzlaikymo ir cOA sintezés trukmés lieka nustatyti ateityje.

R/

s CARF mMRNR interferaziy charakterizavimas

Pagalbiniai baltymai sustiprinantys Il tipo CRISPR-Cas sistemy atsakg
dazniausiai yra sudaryti i§ cOA suriSan¢io CARF domeno ir efektorinio do-
meno (Makarova et al., 2020a). Siy baltymy genai yra i$sidéste $alia Csm ar
Cmr kompleksg koduojanéiy geny (Makarova et al., 2020b). Efektoriniai do-
menai pasizymi didele jvairove, aktyvinti jie gali stabdyti infekuotos lastelés
augimg arba sukelti jos zutj taip slopinant fago paplitimg bakterijy populiaci-
joje (Stella ir Marraffini, 2023).

IS desimties pagrindiniy CARF baltymy grupiy émémés analizuoti
CARF7 baltymus, kurie pasizymi ziedo nukleazés aktyvumu ir gali perkirpti
suriSta cAs aktyvatoriy (Makarova et al., 2020a). Pasitelkdami kompiuterinius
seky paieskos metodus mes papildéme CARF7 grupe naujomis sekomis, pa-
ruoséme 1521 sekos dydzio CARF7 baltymy rinkinj bei nustatéme Siy bal-
tymy tretiniy struktiry modelius. Tarpusavyje lygindami CARF7 baltymy se-
kas arba struktiirinius modelius nustatéme Siuos baltymus sudarancius dome-
nus ir jy ribas. Atlikta analizé atskleidé, kad 90% CARF domeny CARF7 bal-
tymuose yra susiliej¢ su wWHTH domenais. Tokia CARF7-wHTH dviejy do-
meny architektiira bidinga gerai charakterizuotoms ziedo nukleazéms SsCrnl
(Athukoralage et al., 2018) ir SiCrnl (Molina et al., 2021). 80% i$ Siy baltymy
CARF7-wHTH domeny Serdis yra susiliejusi su papildomais efektoriniais
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6 pav. CARF7 ir Camil seky kompiuteriné analizé. (A) CARF7 baltymy grupés
seky filogenetinis medis sudarytas panaudojant iki 40% tarpusavio panasumo lygio
nufiltruotas CARF7 domeny sekas (n = 385). Medzio atSakos nuspalvintos pagal prie
CARF7 domeno arba CARF7-wHTH domeny Serdies prilietus efektorinius domenus.
Tyrimams pasirinkti Camil baltymai ir ankséiau charakterizuoti SsCrnl ir SiCrn1 pa-
zyméti rodyklémis. Legendoje skliausteliuose pateikti skaiciai atitinka nurodytus e-
fektorinius domenus turinCiy seky dalj pilname CARF7 duomeny rinkinyje. Medzio
skalé atitinka vieng aminortigties pakeitima per pozicijag. Duomenys Siam medZziui
sudaryti yra publikuoti (Mogila et al., 2023). (B) Keturiy bakterijy genomo regionai
koduojantys 11l tipo CRISPR-Cas komplekso subvienetus (oranZiné) ir susijusius
Camil baltymus.

domenais. Pagrindiniai yra RelE (mRNR interferazés), HD (fosfohidrolazes),
PD-(D/E)XK (endonukleazés) arba nezinomos funkcijos DUF2103 (6A pav.).
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Filogenetiné CARF7 domeny analizé parodé, kad tos pacios Seimos efektori-
niai domenai (pvz., RelE) gali buti aptinkami skirtingose filogenetinio medZzio
Sakose ir atvirksc¢iai — tarpusavyje artimi CARF7 baltymai gali biti susilieje
su skirtingais efektoriniais domenais. Tai leidzia teigti, kad CARF7-wHTH ir
efektoriniy domeny susiliejimai evoliucijos eigoje galéjo jvykti nepriklauso-
mai daugiau nei kartg. Didziaja dalj CARF7 grupés baltymy kompiuterinés
analizés atliko dr. Albertas Timinskas.

Dazniausiai pasitaikanti domeniné architektira CARF7 baltymuose yra
CARF7-WHTH-RelE. Siy seky C-galinis efektorinis domenas yra panasus j
RelE superseimos toksinus i§ II tipo toksino-antitoksino sistemy (Jurénas ir
Van Melderen, 2020). II tipo RelE toksinai yra nuo ribosomy priklausomos
endonukleazés, kurios dar vadinamoms mRNR interferazémis. Jos prisijungia
ribosomy A srityje ir karpo tuo metu transliuvojamg mMRNR (Christensen ir
Gerdes, 2003).

CARF7-wHTH-RelE genai yra aptinkami Salia Csm/Cmr koduojanciy
geny, kas leidzia jtarti, jog Sie baltymai yra funkciskai susije su III tipo
CRISPR-Cas apsauga. Remdamiesi domenine sudétimi, Siuos baltymus pava-
dinome Camil (nuo angl. CRISPR-Cas-associated mRNA interferase 1). To-
limesniems eksperimentiniams tyrimams pasirinkome keturis Camil homolo-
gus i§ Allochromatium vinosum (AvCamil), Caldilinea aerophila (CaCamil),
Candidatus Cloacimonas acidaminovorans (CCaCamil) ir Caldicellulosirup-
tor hydrothermalis (ChCamil), kurie visi Seimininko genomuose yra koduo-
jami netoli komplekso subvienety geny (6B pav.) ir priklauso skirtingoms
CARF7 filogenetinio medZio pagrindinéms Sakoms (6A pav.).

e Camil baltymy gryninimas

Sintetiniai Camil baltymy genai su prilietomis Hisio ir Strepll gryninimo
zymémis buvo perkelti | pBAD vektorius. Jy raiska atlikta E. coli, baltymai
i$gryninti giminingumo chromatografijos metodu (7A pav.). Molekulinés ma-
sés matavimai atlikti SEC-MALS metodu parodé, kad Camil formuoja dime-
rus tirpale (7B ir C pav.) kaip SsCrnl (Athukoralage et al., 2018) ir SiCrnl
(Molina et al., 2021) CARF7 ziedo nukleazés bei kiti CARF baltymai (Stella
ir Marraffini, 2023).
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7 pav. Camil baltymy gryninimo ir stechiometrinés analizés rezultatai. (A) Isg-
ryninti Camil baltymai analizuoti gelyje denatiruojanéiomis saglygomis. ,,M* — bal-
tymy masés markeris, pateiktos vertés atitinka molekuling masg¢ kDa. (B) Camil bal-
tymy SEC-MALS analizés duomenys. Mélynos linijos — dRI atsakas, proporcingas
baltymo koncentracijai; rozinés linijos — molekuliné masé apskaiciuota pagal §viesos
sklaidos (MALS) duomenis. (C) Molekulinés masés matavimo tirpale rezultatai nau-
dojant SEC-MALS. Transliacijos produkto, kuris atitinka Camil geny atviro skai-
tymo rémelj, molekuliné masé buvo panaudota apskai¢iuojant teorine dimery moleku-
ling masg.

e Kristaliné AvCamil struktiira

Mes nustatéme AvCamil baltymo kristaline struktiira 1.7 A skiriamaja
geba (8A pav., PDB: 8PHB). AvCamil kristalus struktiiriniams tyrimams pa-
ruosé Konstanty Keda, baltymo struktiirg nustaté dr. Giedré Tamulaitiené.

Struktiiroje stebimi pries tai nuspéti N-galinis CARF7 (1-186 aminortgs-
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8 pav. Camil baltymy struktiariné analizé. (A) AvCamil kristaliné struktiira.
CARF, wHTH ir RelE domenai pazyméti, atitinkamai, geltona, melsvai zalia ir rozine
spalvomis. Kristalografiniy duomeny surinkimo ir apdorojimo statistiniai rodikliai
pateikti Appendix 5. (B) CARF domeny i§ AvCamil ir SsCrnl (PDB: 3QYF, RMSD
2.2 A) struktiiry palyginimas. Pazymétos SsCrn1 Ziedo nukleazés aktyvumui svarbios
aminorag§tys ir jas atitinkan¢ios AvCamil aminortigstys. (C) AvCamil RelE domeno
ir VcHigB2 toksino (PDB: 5JA9, RMSD 2.6 A) struktiiry palyginimas. Pavaizduotos
eksperimentiskai nustatyty mMRNR interferazés aktyviojo centro ir jas atitinkanc¢iy A-
vCamil aminoraig§¢iy Soninés grandinés. (D) Pilno ilgio Ca, CCa ir ChCamil Alpha-
Fold 2 struktiiriniai modeliai su modeliavimo patikimumo jver¢iais. CARF, wHTH ir
RelE domenai nuspalvinti kaip (A).

tys), vidurinis WHTH (187-265 aminortigstys) ir C-galinis RelE (266-381 a-
minortigStys) domenai. I§ kity eksperimentiniais metodais nustatyty baltymy
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struktiry CARF7 domenas pana$iausias ] SsCrnl Ziedo nukleaze (8B pav.)
(Athukoralage et al., 2018). AvCamil S11 ir K157 aminorfig§tys uzima pana-
Sias pozicijas erdvéje kaip ir SsCrnl aktyviojo centro konservatyvios ami-
nortigstys S11 ir K168, kas leidzia teigti, kad AvCamil irgi galéty pasizyméti
ziedo nukleazés aktyvumu.

AvCamil RelE domeno struktiira yra panaSiausia | RelE superSeimos
VcHigB2 baltymg (PDB: 5JA9) i§ Vibrio cholerae, kuriam budingas j E. coli
RelE panasus aktyvusis centras (Hadzi et al., 2017). Perklojus struktiiras ma-
toma, kad kai kurios teigiamai jkrautos AvCamil RelE domeno aminortigstys
erdv¢je atitinka eksperimentiskai nustatytas VcHigB2 aktyviojo centro ami-
nortgstis (8C pav.). Nors didzioji dauguma RelE superseimos toksiny yra mo-
nomeriniai baltymai (Jurénas ir Van Melderen, 2020), AvCamil RelE dome-
nai sgveikauja tarpusavyje formuodami dimera (8A pav.). CaCamil ir CCa-
Camil AlphaFold 2 strukttriniuose modelivose sgveikos tarp RelE domeny
néra, ChCamil sgveikos pavirsius mazesnis negu AvCamil kristalinéje struk-
tiroje (8D pav.). Struktiiriniai duomenys rodo, kad Camil galéty veikti kaip
cOA aktyvinamos ribonukleazés.

e Ziedo nukleazés aktyvumas

CAREF baltymus dazniausiai aktyvina CA4 arba cAs, o kai kurie i$ Siy bal-
tymy pasizymi ziedo nukleazés aktyvumu ir sunaikina savo aktyvatoriy, kas
apriboja jy imunin;j atsakg (Athukoralage et al., 2019; Athukoralage ir White,
2021; Garcia-Doval et al., 2020; Smalakyte et al., 2020). Siekdami patikrinti
ar Camil pasizymi ziedo nukleazés aktyvumu, paruoséme Camil baltymy ir
CA arba cAs misinius, kuriuos analizavome masiy spektrometrijos (MS) me-
todu. MS matavimus atliko Audroné Ruksénaité.

Eksperimentai atskleidé, kad Camil karpo cAs, bet ne cAgs (9A pav., Ap-
pendix 6). Reakcijos metu Camil baltymai cA4 veréia j As>p ir A>>p, panasiai
kaip ir kitos Ziedo nukleazés (Athukoralage et al., 2018, 2019; Molina et al.,
2019, 2021). CaCamil pasizyméjo zemesniu aktyvumu, reakcijos susidare tik
nedidelis kiekis As>p, bet ne A,>p. Sie rezultatai patvirtino, kad Camil yra
ziedo nukleazés. Jy karpomas cA4 yra galimas aktyvatorius.

Mes paruo$éme du AvCamil CARF domeno mutantus S11A ir K157A
koduojancias plazmides, mutantinius baltymus iSgryninome ir patikrinome jy
ziedo nukleazés aktyvuma. Sie konservatyviy aminoriigiéiy mutantai pasizy-
méjo zemesniu ziedo nukleazés aktyvumu (9B pav.) kaip ir atitinkami SsCrnl
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(Athukoralage et al., 2018) ir SiCrnl (Molina et al., 2021) baltymy mutantai,
kas patvirtina specifinj AvCamil Ziedo nukleazés aktyvuma.

A B
3. A>p cA, A>p 10 3, APPCAs Agp
2 cA, [ 2
! J\ -d ° éﬁ L 1 /\ CA4
0 0
16 118 | 20 | 22 24 26 16 18 20 22 24 26 £ 0
3 i 10 N g 3
—~ 2 i CA, 5 CAg 2
=) 3_)\ _A__AvCami1 | AvCamit A = SJ A CA+WT
* {6 118 2022 24 26 16 18 20 22 24 26
€3 A 20 i, T 3
.2 c =
= 10 5
5 (1) \‘_/\ CaCamit | CaCamif L % g j\_J\ cA, + S11A
£ 76 18 20 22 24 2 16 18 20 22 24 26 <
§ 3 10 3
2 cA, cA, 2
< 5 6
: J\ cCaCami1 | cCaCamit J\ ! / . cA, + K157A
16 118 | 20 | 22 24 26 16 18 20 22 24 26 16 18 20 22 24 26
3 10 UzZlaikymo laikas (min)
2 cA, cA
i 5 5
. J\ 4__ChCamit | ChCamit k
16 18 20 22 24 26 16 18 20 22 24 26
UzZlaikymo laikas (min)
C WT AvCami1 D
0 laikas 100 cAy — A>p — 2A>p
iy -
CA, D[ - < 8o
ASpr - - 88
Yigl - - %g 60 N
w3 -~ .
82 40 PSS <tgy> = 4.5 min
i R
[ =
Apr . - B 1 e
2 4 6 8 10 12 14 16 18 20 22

Laikas (min)

9 pav. Camil Ziedo nukleazés aktyvumo tyrimai. (A) Camil Zziedo nukleazés reak-
cijos miSiniy MS analizé naudojant cA4 ir CAs substratus. Reakcijos produktai, kuriy
m/z vertés atitinka cA4, As>p arba A>p yra pazyméti punktyrinémis linijomis. (B)
AvCamil CARF domeny mutanty Ziedo nukleazés aktyvumo palyginimas su WT bal-
tymu naudojant MS. Reakcijos produktai pazyméti kaip (A). (C) a-3?P pazyméto cA4
karpymo AvCamil pertekliumi reakcijos produktai. Pateikta reprezentatyvi radiog-
rama i$ trijy eksperimenty. Analizuoti méginiai, kurie paimti praéjus 0, 10, 20, 40, 80,
160, 320, 640 ir 1280 s po reakcijos pradzios. (D) Radiogramos, kuri pavaizduota (C),
densitometrinés analizés rezultatai. cA4 substrato kiekio nykimo duomenims pritaiky-
tas [10] modelis pavaizduotas punktyrine linija.

Mes taip pat nustatéme santykinius cAs karpymo reakcijos metu susida-
ran¢iy produkty kiekius bégant laikui (9C pav.). Tam naudojome radioakty-
viai pazyméta substratg, reakcijas atlikome esant AvCamil baltymo pertek-
liui. Densitometriné radiogramy analizé atskleidé, kad reakcija vyksta pako-
pomis: pirmiausiai susidaro tarpinis As>p junginys, kuris yra perkerpamas i
dvi galutinio A2>p produkto molekules. cA4 karpymo duomenims pritaikéme
eksponentinio nykimo modelj:
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S(t) = (100% — Se)e "t/ (trN) 4 S, [10]

kur S(t) yra pazyméto cAs dalis (%) reakcijos miSinyje laiku t, (tzy) yra vi-
dutiné ziedo nukleazés reakcijos trukmé ir S, yra nekerpamo substrato kiekis.
Pritaikius modelj nustatéme {tgy) = 4.4 £ 0.7 min.

Ziedo nukleazés aktyvumo tyrimai parodé, kad AvCamil baltymas suria
ir karpo cAs keliy minuciy trukmés reakcijos metu.

e MRNR interferazés aktyvumas

Seky (6A pav.) ir struktiiros (8C pav.) analizés duomenys rodo, kad C-
galinis Camil baltymy domenas galéty veikti kaip ribonukleazé, kuri karpo
ribosomoje surista MRNR, panasiai kaip pavieniai RelE toksinai. Siekiant tai
patikrinti, mes atlikome ribosomoje suristo radioaktyvaus RNR substrato kar-
pymo reakcijas su AvCamil, kaip tai anks¢iau buvo atlikta tiriant E. coli RelE
toksino aktyvuma (Griffin et al., 2013). Kadangi EcRelE aktyviai kerpa
MRNR UAG kodono vietoje in vitro, mes paruo$éme atitinkamag rib-UAG
substratg (Appendix 2), kurj sumaiSius Kartu su E. coli 70S ribosomomis ir
tRNR™® jo AUG kodonas yra uzrakinamas P srityje, 0 UAG kodonas i3si-
désto A srityje (10A pav., deSinéje). Nustatéme, kad nesant aktyvatoriy A-
vCamil nekerpa laisvos arba ribosomy suri$tos RNR, ta¢iau cAs aktyvintas
AvCamil kerpa ribosomoje surista substrata (10A pav., kair¢je). Pagal Sarmi-
nés substrato degradacijos ir RNazés T1 karpymo produktus nustatéme, kad
AvCamil aktyviausiai kerpa rib-UAG substratg uz tre¢iojo UAG kodono nuk-
leotido (,,produktas 1 10A pav.). Reakcijos metu taip pat susidaro nedaug
,»produkto 2° po substrato kirpimo uz antrojo UAG nukleotido arba ,,produkto
1% pritrumpinimo. Panasiu atpalaiduotu specifiSkumu pasizymi ir EcRelE in
vivo (Goeders et al., 2013).

Siekiant patikrinti ar RelE domeno aktyviojo centro aminortigstys ati-
tinka VcHigB2 aktyvyjj centrg (8C pav.), buvo paruosti $ie AvCamil mutan-
tai: H306A, K317A, R325A ir H343A. Atlike mRNR interferazés reakcijas ir
bei densitometring reakcijos produkty analizg palyginome mutanty ir WT A-
vCamil karpymo greicio konstantas duomenims pritaike eksponentinio ny-
kimo modelj. Mutacijos sumazino aktyvumg nuo 5 iki 150 karty, didZiausiu
poveikiu pasizyméjo H343A mutacija (10B pav.). Mutantinius baltymus i$g-
rynino ir jy aktyvumg nustaté Konstanty Keda.
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10 pav. cA4 aktyvintas AvCamil baltymas kerpa ribosomoje surista ir A srityje
prieinamg RNR. (A) AvCamil RNR karpymo aktyvumas esant cOA ir ribosomy.
Reakcijose buvo 20 nM (nurodytos galutinés koncentracijos) 5'-gale Zymeéto rib-UAG
substrato ir 300 nM AvCamil baltymo. Reakcijose su ribosomomis buvo suformuoti
jy kompleksai su RNR substratu naudojant 60 nM E. coli 70S ribosomy ir 80 nM
tRNR™et AvCamil aktyvinti naudojant 10 uM cA4 arba cAs. Reakcijos schema pa-
vaizduota desingje. 31 nt rib-UAG substratas susideda i§ ribosomos prisijungimo sri-
ties (RBS), P ir A srityse atitinkamai atsidurian¢iy AUG ir UAG kodony. OH" ir T1 -
atitinkamai, $arminés hidrolizés ir RNazés T1 karpymo standartai. (B) AvCamil WT
ir RelE domeno mutanty MRNR interferazés aktyvumas 15 °C temperatiiroje. Kobs —
stebima reakcijos greiCio konstanta, nustatyta rib-UAG substrato karpymo duome-
nims pritaikius eksponentinio nykimo modelj. Kiekvienu atveju pateiktas vidurkis ir
standartinis nuokrypis atlikus tris techninius pakartojimus. (C) AvCamil mRNR in-
terferazés aktyvinimas cAs4 arba As>p. Reakcijos paruostos kaip (A) naudojant jvai-
rius aktyvatoriaus kiekius. (D) AvCamil aktyvumas esant substrato pertekliui. Reak-
cijos paruos$tos naudojant 500 nM zymétos rib-UAG RNR, 1 uM E. coli 70S ribo-
somy, 1.3 uM tRNR™et 10 uM cA, ir 50 nM WT AvCamil arba S11A mutanto.
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Pavyzdziai i§ reakcijos misinio paimti nurodytais laiko intervalais ir analizuoti kaip

A).

CARF domenas cAs aktyvatoriy karpo susidarant tarpiniam As>p jungi-
niui. Nustatéme, kad abu junginiai aktyvina AvCamil (10C pav.). Tirdami
aktyvumga esant substrato pertekliui nustatéme, kad vienas aktyvinto AvCamil
dimeras perkerpa RNR keliuose kompleksuose su ribosomomis (10D pav.).
RNR karpymas nesusijgs su cA4 karpymo ciklu, nes tiek WT, tiek S11A ziedo
nukleazés mutantas substrato pertekliy karpé panasiu efektyvumu esant cAs
pertekliui (10D pav., desingje). Remiantis Siais rezultatais galima teigti, kad
Camil baltymai néra pakartotinai aktyvinami naujos cAs molekulés po kiek-
vienos mMRNR kirpimo reakcijos.
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11 pav. Camil homology MRNR interferazés aktyvumas. (A) Camil baltymy ri-
bosomose suristy RNR karpymo reakcijos. Kiekvienas baltymas tikrintas esant 0, 30,
100, 300, 1000 arba 3000 nM jo koncentracijai naudojant reakcijos sudétj kaip 10A
pav. apra§yme. Baltymai aktyvinti 10 uM cAs. (B) Camil baltymy aktyvumas tikrin-
tas naudojant rib-UAG-OMe substrata, kurio A srities nukleotidai yra 2’-OMe modi-
fikuoti. 1.5 pM Camil baltymy buvo aktyvinti 10 uM, reakcijos paruostos ir anali-
zuotos kaip 10A pav. apraSyme. (C) Camil aktyvumas tikrintas naudojant rib-NNN
substraty misinj susidedantj i§ RNR turin¢iy jvairius A srities kodonus. Reakcijos pa-
ruostos kaip (B). Densitometri§kai nustatytas perkirpto substrato kiekis nurodytas po
radiograma.
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CaCamil, CCaCamil ir ChCamil taip pat karpo ribosomoje surista RNR
priklausomai nuo cAs (11A pav.). CCaCamil pasizyméjo Zemesniu akty-
vumu, kuris stebimas reakcijose naudojant aukstesnes baltymo koncentracijas.
AvCamil ir CCaCamil kerpa RNR uz antrojo ir treCiojo A srityje esancio
kodono nukleotidy, CaCamil ir ChCamil kerpa uZ antrojo nukleotido. Sie re-
zultatai rodo, kad skirtinguose Camil baltymy RelE domeno aktyvusis centras
uzima jvairias pozicijas ribosomos A srityje.

Pagal pasiiilyta RelE toksiny MRNR karpymo mechanizma, baltymo ak-
tyvusis centras pakeicia substrato konformacija taip, kad 2'-OH atlieka nuk-
leofiling ataka j Salia esantj fosfatg (Jurénas ir Van Melderen, 2020; Neubauer
et al., 2009). Naudojant rib-UAG-OMe substratg, kurio trys A srityje atsidu-
riantys nukleotidai yra 2'-OMe modifikuoti (Appendix 2), pastebéjome, kad
nei vienas i$ tirty Camil baltymy tokio substrato nekirpo (11B pav.). Camil
baltymai karpé rib-NNN substraty misinj, sudaryta i§ jvairius A srities kodo-
nus turin¢iy RNR (11C pav.), toks atpalaiduotas specifiskumas RNR sekai
budingas ir E. coli RelE toksinui (Goeders et al., 2013).

Kartu §ie rezultatai patvirtina kompiuterinés analizés rezultatus ir parodo,
kad Camil baltymai yra nuo ribosomy priklausomos mMRNR interferazés, ku-
rias aktyvina cAs.

e Prie ribosomos prisijungusio AvCamil struktiira

Siekdami detaliau suprasti Camil aktyvumo mechanizmg nustatéme cAs
aktyvinto dvigubo AvCamil-S11A-H343A mutanto, prisijungusio prie E. coli
ribosomos suriSusios rib-UAG-OMe ir tRNR™® krio-EM struktiirg (12A
pav., PDB: 8PHJ, struktiiros vidutiné skiriamoji geba 3.7 A). Atoming riboso-
mos-AvCamil komplekso struktiirg rekonstravo dr. Giedré Tamulaitiené.

Ribosomos komplekse stebimos dvi tRNR™¢ molekulés: viena yra prisi-
jungusi P srityje ir sgveikauja su surista RNR, Kita issidésciusi E srityje. A-
vCamil baltymo dimeras yra prisijunges A srityje taip, kad vieno AvCamil
subvieneto RelE domenas saveikauja su 16S ir 23S rRNR, bei P srities tRNR
(12B pav.). Panasios saveikos btidingos ir kitiems RelE seimos toksinams ri-
Santis su ribosoma (Mansour et al., 2022; Neubauer et al., 2009). Nutolusio
AvCamil subvieneto RelE domenas saveikauja su 16S rRNR. CARF domeny
dimeras i$sidésto Salia sarcino-ricino kilpos (SRL) H95 i 23S rRNR. A-
vCamil taip pat saveikauja su Serdiniais ribosomos baltymais uS12, uS19,
uL11 ir su ribosomos stiebo baltymu bL12 (12B pav.). A srityje suri§tos RNR
krio-EM tankis yra i$sklides, kas galéty reiksti, kad substratas RelE domeno
prisijungimo vietoje yra judrus (12B pav.)
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h30-31
h34 P-tRNR

12 pav. cA4 aktyvinto AvCamil prisijungusio ribosomos komplekse su mRNR
imituojanciu substratu ir tRNR krio-EM struktiira. (A) cA, aktyvinto dvigubo
AvCamil-S11A+H343A mutanto (geltona, melsvai zalia, roziné) prisijungusio prie
ribosomos (§viesiai mélyna ir pilka) komplekso su rib-UAG-OMe RNR substratu (o-
ranzing) ir tRNR™¢t (7alia) bendra struktiira. Struktiiroje stebima AvCamil sgveika
su ribosomos stiebo baltymo bL12 C-galiniu domenu (mélyna). Krio-EM paveiksléliy
apdorojimo schema yra pateikta Appendix 7, duomeny surinkimo, apdorojimo ir pa-
tikrinimo statistiniai rodikliai pateikti Appendix 8. (B) AvCamil prisijungia A srityje
ir sgveikauja su 16S (h18, h30-31, h32, h34, h44 kilpos) ir 23S (H43, H69, H95 kil-
pos) rRNR ir P srities tRNR™® AvCamil dimeras taip pat sagveikauja su ribosomos
baltymais uS12 ir uS19 i§ maZojo subvieneto (pilka) ir uL11 (3viesiai mélyna), bei
bL12 (mélyna) i§ didZiojo subvieneto. Krio-EM Zemeélapis atvaizduotas kaip perma-
tomas pilkas pavirsius. Struktiiriniai AvCamil elementai nuspalvinti kaip (A). (C)
CARF domeny dimere prisijunges cAs (zydra). cAs molekulés krio-EM tankis atvaiz-
duotas kaip pilkas tinklelis.

CA yra prisijunges centrinéje AvCamil baltymo CARF domeny dimero
ertméje. Aktyvatorius yra plok§¢ios konformacijos, kurig palaiko cA4 adenino
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nukleobaziy bei fosfodiesterinio karkaso sgveikos su jkrautomis arba poliné-
mis CARF domeny aminoriigs§timis (12C pav.)

Analizuodami ribosomos-AvCamil struktiiros duomenis pastebéjome,
kad j tirpala nukreiptas AvCamil wHTH domenas sgveikauja su bL12 riboso-
mos baltymo C-galiniu domenu (13A pav.). bL12 yra pagrindinis prokarioti-
niy ribosomy stiebo struktiros elementas. Ribosomos stiebo, kurio struktara
yra konservatyvi visuose organizmuose, funkcija yra padidinti vieting GTPa-
ziniy transliacijos faktoriy koncentracijg (Imai et al., 2020; Liljas ir Sanyal,
2018). Miisy pastebéta sgveika tarp AvCamil ir bL12 leidZia spéti, kad Camil
baltymai panaudoja saveika su ribosomos stiebu, kad patekty j ribosomos A
sritj.

Siekdami patikrinti $ig idéja sukonstravome CARF ir wHTH domeny pa-
vir§iaus aminorig§¢iy mutantus, kuriuose sgveika su bL12 bty panaikinta.
Tirti wHTH domeno mutantai pasizyméjo zemesniu MRNR interferaziniu ak-
tyvumu (13B pav.). Sis rezultatas patvirtina spéjima, kad AvCamil wHTH ir
bL 12 saveika svarbi mMRNR interferaziniam aktyvumui.

Tesdami Sios sgveikos tyrimus patikrinome Camil baltymy aktyvuma re-
akcijose panaudodami bL12 neturin¢ias mutantines ribosomas, esant arba ne-
sant atskirai pridéto iSgryninto bL 12 baltymo. Camil baltymy aktyvumas nau-
dojant mutantines ribosomas buvo silpnas, taciau iSaugo j reakcijos misinj pri-
déjus bL12 (13C pav.). Sis rezultatas rodo, kad saveika su stiebo struktiira yra
svarbi Camil homology aktyvumui.

Galiausiai saveikg tarp bL12 ir AvCamil wHTH domeno patikrinome
tiesiogiai BLI metodu. Tuo tikslu AvCamil baltymas buvo prikabintas ant
BLI sensoriaus pavirSiaus kaip ligandas. Sensorius su AvCamil panardintas |
tirpala su bL.12 baltymu, kuris veiké kaip analité. Pastebéjome, kad tirpale e-
sant cA4, bL12 prisijungimo signalo amplitudé yra auks$tesné negu atliekant
bandymg be cAs. Tai reiskia, kad cAs stabilizuoja AvCamil konformacija,
reikalingg wHTH domeno saveikai su bL12 (13D ir E pav.). Kaip ir tikétasi,
AvCamil wHTH pavirSiaus mutantai suriSo nedidelj bL12 kiekj net ir esant
CA4 (13D pav.). BLI eksperimentai leido patvirtinti, kad po aktyvacijos cAs
Camil yra ,,pagaunamas“ bL 12 baltymo per wHTH domeng.

Per CARF domeny dimerg uzkloj¢ apo ir cA4 aktyvinto bei prie riboso-
mos prisijungusio AvCamil baltymo strukttiras pastebejome, kad abu wHTH
domenai nulinksta tolyn nuo CARF domeny 35° laipsniy kampu (14 pav.).
Panasus wHTH ir CARF domeny tarpusavio konformacijy pokytis yra stebi-
mas ir A4 ziedo nukleazés SiCrnl struktirose (Molina et al., 2021), ta¢iau §is
tyrimas neatskleidé, ar SiCrnl konformaciniai pokyc¢iai jvyksta dél cAa4 suri-
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13 pav. Camil saveika su bL.12 yra reikalinga mRNR interferaziniam aktyvumui
pasireiksti. (A) Saveikos pavirsius tarp AvCamil wHTH domeno ir bL12 baltymo.
(B) wHTH ir CARF pavirSiaus mutacijy jtaka mRNR interferaziniam aktyvumui. Pa-
virSiaus mutacijos buvo jvestos S11A mutacijos, sumazinancios ziedo nukleazés ak-
tyvuma, fone. Reakcijos atliktos kaip 10A pav. apraSyme naudojant didéjancias A-
vCamil varianty koncentracijas, perkirpto substrato kiekis jvertintas densitometriskai
kaip 11C pav. (C) Camil homology aktyvumo ribosomose be bL12 tyrimas. Riboso-
mos be bLI2 (70SAbL12), pavieniai bL12 baltymai, surinktos ribosomos
(70SAbL12+bL12) ir WT 70S ribosomos buvo sumaisytos su rib-UAG ir tRNR™et
pries pridedant Camil baltymy iki 300 nM (CCaCamil atveju 3 uM) aktyvinamy 10
UM cAs. (D) bL12 surisimo ant AvCamil prisijungusio sensoriaus BLI signalai nor-
malizuoti pagal AvCamil uzne§imo efektyvumag. bL12 suriS§imas cAs aktyvintuose
AvCamil-S11A ir wHTH pavirSiaus mutantuose buvo lyginamas su AvCamil-S11A
esant arba nesant cAs. (E) BLI sensorgramos vaizduojancios bL12 prisijungima prie
imobilizuoto AvCamil-S11A ir disociacija esant (rozinés kreivés) arba nesant (pilkos
kreivés) 1 uM cA4. Kreivés i eksperimenty su skirtinga bL12 koncentracija yra skir-
tingo spalvos intensyvumo. Pateiktos reprezentatyvios sensorgramos i$ trijy eksperi-
menty serijy. (B) ir (D) pateikti vidurkiai ir standartiniai nuokrypiai i$ trijy techniniy
pakartojimy.
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Simo, ar dél kirpimo. AvCamil-S11A-H343A ir ribosomos komplekso struk-
tiroje konformacinis wHTH domeny pokytis stebimas suriSus cAs, kuris néra
kerpamas dél mutacijos ziedo nukleazés aktyviajame centre (9B pav.). cAs
aktyvintame AvCamil nulinkus wHTH domenams yra atveriamas sgveikos su
bL12 pavir$ius, tai patvirtina BLI eksperimentuose stebima nuo cA4 priklau-
soma bL12 sgveika su AvCamil (13D ir E pav.).

RelE dimeras taip pat keicia savo pozicijg kity AvCamil domeny atzvil-
giu ir pasislenka per ~15A jstrizai nuo CARF-wHTH S$erdies (14 pav.). Sis
judesys panaikina dimero simetrija, dél ko iSsikiSes RelE domenas gali tilpti |
ribosomos A sritj ir pasiekti ten esan¢ia MRNR (12A ir B pav.). Camil homo-
logy struktariniuose modeliuose RelE domenai tarpusavyje nesgveikauja (8D
pav.), tad po aktyvinimo ir prisijungimo prie ribosomy jie gali jgyti lankstes-
nes konformacijas. Lieka neZinoma ar cA4 prisijungimo pakanka panaikinti
AvCamil simetrija ar vis délto $i konformacija yra jgaunama jungiantis prie
ribosomos.

CARF
WHTH (sugretinti)

RelE

nutolusi artima

pavienis (kristaliné) suristas ribosomoje (krio-EM)

14 pav. AvCamil konformacijos poky¢iai suriSus cA4 ir prisijungus prie riboso-
mos. Pavienio AvCamil baltymo kristaliné struktira (pilka) per CARF domenus yra
sugretinta su cAy suriSusio ir prie ribosomos prisijungusio baltymo (spalvota) struk-
tara. ,,Nutolusi® ir ,,artima“ atitinka AvCamil dimero subvienetus ribosomos A srities
atzvilgiu.

Apibendrinant, strukttriniai ir sgveikos su bL12 tyrimai atskleidé, kad
suriSus aktyvatoriy cA4 pasikeicia Camil baltymy konformacija ir atveriamas
WHTH domeno sgveikos su bL12 C-galiniu domenu pavirsius. Sgveikos su
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bL12 déka Camil RelE domenai efektyviau prisijungia ribosomos A srityje ir
karpo ten esanc¢ig MRNR.

e Camil toksiSkumas in vivo

Siekdami patikrinti ar Camil isties gali dalyvauti III tipo CRISPR-Cas
gynybiniame atsake pabandéme aktyvinti Camil E. coli bakterijose panaudo-
dami S. thermophilus I11-A tipo CRISPR-Cas sistemos StCsm kompleksa, ku-
ris surises taikinj Svetimos DNR transkripte in vivo sintetina COA nuo cAs iki
CAg (iskaitant cA4) (Smalakyte et al., 2020).

Tyrimui panaudotos trys IPTG indukuojamos plazmidés, koduojancios
StCsm RNazinio ir DNazinio aktyvumo mutanta (pCsm_dNucleases) ir
crRNR (pCRISPR), kuri yra nutaikyta pries taikinj transkribuojama nuo pTar-
get (15A pav.). Nukleaziniu aktyvumu pasizymintis StCsm mutantas buvo pa-
sirinktas siekiant iSvengti papildomo toksiskumo, taciau jo laukinio tipo Palm
domenas gali sintetinti cOA auginant $ias plazmides turinias bakterijas ter-
péje su IPTG.

Siekdami patikrinti Camil baltymy toksiskuma in vivo, COA gaminan-
¢ias E. coli transformavome pCamil plazmidémis, koduojanc¢iomis skirtingus
Camil baltymus arba jy mutantus, kuriy raiska aktyvinama arabinoze. Bakte-
rijy augimo bandymus atlikome panaudodami WT AvCamil, ziedo nukleazés
S11A mutantg arba dviguba S11A ir K317A mutanta, kuris papildomai pasi-
zyméjo zemu MRNR interferazés aktyvumu (10B pav.). Pastebéjome, kad
+WT AvCamil ir +AvCamil-S11A bakterijos, bet ne +AvCamil-S11A-
K317A, terpéje su induktoriais IPTG ir arabinoze augo daug lé¢iau negu bak-
terijos su tus¢iu vektoriumi vietoje pCamil (15B pav.). Sis rezultatas rodo,
kad AvCamil mRNR interferazés aktyvumas sukelia toksiSkumag vykstant
nuolatinei cA4 sintezei StCsm komplekse. +AvCamil-S11A bakterijos augo
léciau negu +WT AvCamil bakterijos. Spéjame, kad §is efektas nulemtas A-
vCamil ziedo nukleazés aktyvumo dél kurio +WT AvCamil bakterijy vidiné
CA4 koncentracija buvo Zemesné, ir tai galéjo lemti Zemesnj mRNR inter-
ferazés aktyvuma.

Norédami tiesiogiai patikrinti mRNR karpymo aktyvumg gyvose bakte-
rijose, panaudojome tas pacias E. coli lasteles ir plazmides kaip ir bakterijy
augimo bandymuose (15A pav.). I$ $iy lgsteliy, auginty terpéje su indukto-
riais, buvo surinktos i$skirta visuminé RNR. Panaudojant radioaktyviai pazy-
métus hibridizacijos zondus (Appendix 2) ,,Northern blot* metodu buvo vizu-
alizuoti keli gausiausi $eimininko transkriptai. MRNR nebuvo degraduojama
lastelése be AvCamil arba koduojanciose jo MRNR interferazés aktyviojo
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centro mutantg, ta¢iau MRNR iSskirta i§ WT AvCamil arba S11A mutantg
koduojanciy bakterijy buvo sudegraduota (15C pav.).

A C

"""""""""""""""""""""""" \\ VWTSSK vWTSSK vWTSSK vWISSK vWISSK vWTSSK
i 4

p DNazél RNazél ]
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15 pav. Camil baltymai pasiZymi cOA reguliuvojamu mRNR interferazés akty-
vumu heterologiniame Seimininke. (A) Keturiomis plazmidémis transformuota E.
coli koduojanti heterologinj StCsm kompleksa ir Camil baltymus. Siose bakterijose
IPTG sukelia StCsm komponenty ir taikinio raiska, kas lemia cOA sintezg, arabinozé
sukelia Camil raiska. Sios bakterijos naudotos tiriant jy augima (B ir D dalys) bei
RNR integraluma (C). (B) Bakterijy vykdanciy aktyvinto AvCamil varianty raiska
augimo kreivés. Bakterijy augimas jvertintas matuojant ODggo 10 min laiko interva-
lais. (C) Endogeniniy E. coli baltymus koduojanéiy lpp, ompA, ompF, tufA mRNR,
tmRNR ir 5S rRNR integralumo tyrimas ,,Northern blot“ metodu panaudojant i§ A-
vCamil paveikty bakterijy iSgrynintg visuming RNR. ,,v* — tus€io vektoriaus kont-
rolé, ,,WT“ — WT AvCamil, ,,S“ ir ,,SK* atitinkamai AvCamil SI11A ir
S11A+K317A mutantai. (D) Bakterijy vykdanéiy aktyvinty Camil homology raiska
augimo kreivés. Bandymai atlikti kaip (B). Tu$¢io vektoriaus kontrolé (B) ir (D) pa-
zyméta kaip ,,vektorius“. Linijos ir spalvoti plotai (B) ir (D) atitinka trijy biologiniy
pakartojimy vidurkj ir standartinj nuokrypj.

Ribosomos, kurios transliuoja koduojancios sekos dalyje perkirpta
MRNR, gali uzstrigti, nes nepasiekia transliacijos terminacijg sukeliancio stop
kodono (Mdiller et al., 2021). Uzstrigusias ribosomas E. coli ir kitose bakteri-
jose gali i8laisvinti hibridiné tmRNR, turinti tRNR ir MRNR savybiy, kuri ri-
bosomoje pakei¢ia MRNR matricg ir koduoja degradacijos zyme, kuria
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pazymimas nebaigtas sintetinti peptidas (Muller et al., 2021). ,,Northern blot*
analizé parodé, kad tmRNR taip pat gali biiti karpoma AvCamil, veikiausiai
MRNR regione (15C pav.). Sis aktyvumas galéty apsunkinti uZstrigusiy ribo-
somy iSlaisvinimg kol nesibaigia cA4 sintezé. 5S rRNR, kuri néra transliuo-
jama, nebuvo ir karpoma AvCamil in vivo (15C pav.).

Kiti Camil baltymai taip pat apsunkina E. coli augima, kai yra in vivo
aktyvinami StCsm sintetinamo cA4 (15D pav.). Sis rezultatas leidzia teigti,
kad transliacijos aparato konservatyvumas leido Camil baltymy genams pap-
listi skirtingose bakterijose (6A pav.)

«» Il tipo CRISPR-Cas ir Camil gynybos mechanizmas

Remdamiesi atlikty tyrimy rezultatais, pasitiléme apibendrintg ITI-A tipo
CRISPR-Cas apsaugos sistemos mechanizma, kuris paaiskina, kaip yra regu-
livojama §i sistema ir kaip Camil padeda ginantis nuo bakterijg infekuojanciy
nukleortigdéiy (16 pav.). Pagal prie§ tai pasitlytg reguliacijos mechanizma,
efektoriniam Csm kompleksui atpazinus svetimus transkriptus, yra aktyvina-
mas komplekso Cas10 subvienetas, kurio HD domenas degraduoja transkri-
buojama DNR, o Palm domenas i§ ATP sintetina cOA. Sios molekulés akty-
vina su apsaugos sistema susijusius CARF/SAVED baltymus (Stella ir Mar-
raffini, 2023). Nors siame modelyje detalizuoti sistemos aktyvacijos etapai,
nebuvo paaiskinta kaip sistemos aktyvumas yra nuslopinamas pasibaigus in-
fekcijai. Ankstesniy tyrimy metu pastebéta, kad Cas10 subvieneto aktyvumas
nuslopsta kompleksui sukarpius taikinio RNR, taciau RNR hidrolizé jvyksta
per kelias sekundes, 0 DNazinis ir polimerazinis-ciklazinis aktyvumas islicka
desimtis minuciy (Kazlauskiene et al., 2016, 2017).

Misy atlikti FCS eksperimentai leido susieti Csm komplekso RNR kar-
pyma ir jo Cas10 subvieneto aktyvumo nuslopimg. Tyrimy metu nustatéme,
kad kompleksui sukarpius taikinio RNR, jos galiniai produktai disocijuoja i$
léto: Salia Cas10 esantis 3’-galo produktas disocijuoja per (t,,timas) = 84 * 2
min, o nuo Cas10 nutolgs 5'-galo produktas kompleksg palieka per (t,ycotes)
=119 + 3 min. Cas10 DNazinis aktyvumas nuslopsta per panasy laikg, nusta-
tyta vidutiné DNazinio aktyvumo trukmé po aktyvacijos yra (tpyaze) = 64
1 min. PanaSumas tarp Siy verciy leidzia funkciskai susieti RNR uZzlaikyma
komplekse su Cas10 DNaziniu aktyvumu.

Kadangi anksciau buvo pastebéta, kad cOA sintezé po RNR karpymo irgi
slopsta i§ léto (Kazlauskiene et al., 2017), galima spéti, kad abu Cas10 fer-
mentiniai aktyvumai yra reguliuojami priklausomai nuo RNR uzlaikymo. Sj
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spéjima netiesiogiai galima paremti pasigilinus j savos-svetimos RNR atpazi-
nimg III tipo CRISPR-Cas kompleksuose. Kai Csm/Cmr kompleksai surisa
RNR taikinj, kurio seka atitinka Seimininko CRISPR regiono prie$prasminj
transkripta, ir DNazinis, ir polimerazinis-ciklazinis Cas10 aktyvumai yra slo-
pinami (Li et al., 2024). Tai rodo, kad taikinio RNR turi jtakos abiejy Cas10
subvieneto fermentiniy aktyvumy reguliacijai.

galiniy roduktq uzla|kymas

~valandos
RNR karpymas .« i
B~sekundés 47— " CA‘
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16 pav. Camil aktyvacija Il1-A tipo CRISPR-Cas apsaugos sistemoje. Svetimi
transkriptai yra specifiSkai suri§ami Csm komplekse. Tai aktyvina Csm komplekso
Cas10 subvieneto DNazinj ir cA4 Sintazinj aktyvuma. Dél 1étos RNR karpymo pro-
dukty disociacijos i§ Csm komplekso Cas10 gali i§likti aktyvus vidutini$kai bent va-
landg. cA4 prisiriSus prie apsaugos sistemos papildomo Camil baltymo CARF do-
meny dimero (geltonas), wHTH domene (melsvai zalias) yra sukeliami konformaci-
niai poky¢iai, kuriy déka wHTH gali sgveikauti su ribosomos stiebo baltymu bL12
(mélynas). Stiebo pagautas Camil yra perneSamas j ribosomos A sritj. Camil baltymo
RelE domenas (roZiné) kerpa A srityje esan¢ig MRNR, kas sukelia transliacijos slopi-
nimga lasteléje, sustabdo uzpuoliko ir Seimininko baltymy gamyba. Camil taip pat
kerpa ir tmRNR, taip slopindamas pagrindinj uZstrigusiy ribosomy i$vadavimo me-
chanizmg. Pasibaigus infekcijai cAs karpymas CARF domene nuslopina Camil
mRNR interferazinj aktyvuma. Spéjame, kad RNR produkty disociacija i$ efektorinio
komplekso nuslopina cAy sintezg.

Dél istesto Cas10 aktyvumo lasteléje ilgiau gali biti sintetinami cOA,
kurie aktyvina jvairius pagalbinius CARF/SAVED efektorius, tarp jy ir Siame
darbe aprasytg Camil. Msy atlikti biocheminiai ir struktfriniai tyrimai atsk-
leidé, kad Camil yra cA4 reguliuojama mRNR interferazé, kuri suriSusi akty-
vatoriy patenka j ribosomos A sritj ir karpo tuo metu ribosomoje transliuojama
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MRNR (16 pav.). Struktiiriniai aktyvinto ir ribosomoje prisijungusio Camil
baltymo tyrimai atskleidé, kad Camil suriSus cAs aktyvatoriy pasikei¢ia jo
konformacija, wHTH domenai nutolsta nuo CARF domeny. Taip atveriamas
sgveikos pavirsius per kurj Camil prisijungia prie ribosomos stiebo baltymo
bL12. Stiebo pagautas Camil baltymas patenka j A sritj, kur perkerpa mRNR.
Sis prisijungimo-karpymo ciklas gali kartotis, kol CARF domene yra sukar-
pomas aktyvatorius cAs.

Transliacijos metu koduojancioje srityje perkirptos mRNR sukelia ribo-
somy uzstrigimg ant MRNR 3’-galo. Fago infekcijos metu tai gali sustabdyti
greita svetimy baltymy sinteze, kas trukdyty fago pasidauginimui. Dél Camil
aktyvumo sustojus transliacijai, infekuota lastelé iSlo$ia laiko sunaikinti sve-
timas nukleortigstis, kg atlicka Csm kompleksas, taip pat kitos gynybos siste-
mos ar Igstelés nukleazés.

Uzstrigusios ribosomos gali biti iSlaisvinamos pasitelkiant jvairius ribo-
somy iSvadavimo mechanizmus, i§ kuriy labiausiai yra paplitusi trans-trans-
liacija panaudojant hibriding tmRNR (Mdller et al., 2021). Misy tyrimai in
Vvivo parodé, kad Camil gali kirpti tmRNR ir taip riboti prieslaikinj transliaci-
jos atstatyma dar nepasibaigus infekcijai.

Remiantis misy pasitlytu modeliu, jeigu svetimos nukleortigstys yra su-
naikinamos ir Igstelé iSgyvena infekcija, RNR disociacija i§ Csm kompleksy
galiausiai nuslopina cOA sintezg, o uzsilike cA4 yra sukarpomi Camil arba
kity ziedo nukleaziy. Tokiy neigiamo atsako grandiniy i§Sivystymas leidzia
spéti, kad Sios gynybos sistemos bakterijoms padéjo jveikti daugybe infekcijy
ar$ios jy ir jas infekuojanciy virusy koevoliucijos metu.

«+ Tolimesni darbai

Disertacijoje pateikti rezultatai leido papildyti I11-A tipo CRISPR-Cas
apsaugos mechanizmg jzvalgomis apie $ios gynybos sistemos reguliacija. Vis
délto pagrindinés darbo isvados yra suformuluotos remiantis in vitro tyrimais,
kuriy salygos skiriasi nuo lgsteléje vykstanciy procesy. Taigi lieka nezinoma,
ar stebimos RNR uZlaikymo ir Cas10 aktyvumo trukmés gyvoje lasteléje ati-
tinka nustatytasias in vitro bandymy metu. Taip pat buty galima patikrinti ar
Csm kompleksui badingos $iy procesy trukmeés yra panasios ir 111-B CRISPR-
Cas kompleksy Cmr atveju, mat Sie du kompleksai pasizymi struktiiriniais
skirtumais Cas10 subvieneto aplinkoje (Li et al., 2024). Detalesni Camil ty-
rimai gyvose bakterijose leisty patikrinti, kaip efektyviai $ie baltymai jungiasi
prie veikianéiy ribosomy. Nors tyrimy metu pastebéjome, kad vykdant Camil
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raiSkg nuo daugiakopijiniy raiSkos vektoriy $is baltymas slopina augima, lieka
nustatyti, kaip efektyviai $is baltymas, esant nataraliai jo raiskai, konkuruoja
su transliacijos faktoriais, kurie yra vieni gausiausiy lastelés baltymy (Ishi-
hama et al., 2008).

Paskutiniais metais pagalbiniy III tipo CRISPR-Cas efektoriy tyrimy
publikuojama vis daugiau atskleidZiant jy struktiiras, funkcijas ir mechaniz-
mus (Stella ir Marraffini, 2023). Musy atlikta CARF7 grupés baltymy seky
paieska ir analiz¢ leido papildyti Sig grupg CARF7-[PD-(D/E)XK] baltymais,
kurie nebuvo pristatyti pirminéje CARF domeny klasifikacijoje (Makarova et
al., 2020a). PD-(D/E)XK domenas yra daZnai aptinkamas jvairiy nukleaziniu
aktyvumu pasizyminciy baltymy struktiirose, geriausiai Zinomas pavyzdys yra
restrikcijos endonukleazés (Knizewski et al., 2007). Neseniai buvo aprasyti
kiti CARF-[PD-(D/E)XK] baltymai: Canl, kuris yra DNR nikazé (McMahon
et al., 2020) ir Card1/Can2 baltymai, kurie pasizymi tick RNaziniu, tick DNa-
ziniu aktyvumais (Rostgl et al., 2021; Zhu et al., 2021). Sie baltymai priklauso
CARF4 grupei, kuri nepasizymi ziedo nukleaziniu aktyvumu. Kiti miisy ana-
lizuoti CARF7 baltymai, turintys sulieta HD domena, galéty pasiZzyméti regu-
liuojamu nukleaziniu arba fosfataziniu aktyvumu (Aravind ir Koonin, 1998).
CARF7-DUF2103 baltymy efektorinio DUF2103 domeno strukttra yra pa-
nasi ] RelE domeno struktura, kas sufleruoja panasig Sio baltymo funkcija
(Mogila et al., 2023). CARF7 baltymams Crnl ir Camil suriSant cA4 Stebimas
wHTH domeny konformacinis pokytis galéty biiti budingas ir kitiems CARF7
grupés baltymams.

Nepaisant didelés CARF ir struktiiriSkai giminingy SAVED baltymy j-
vairovés (Makarova et al., 2020a), 111 tipo CRISPR-Cas sistemose taip pat ap-
tinkami pagalbiniai baltymai neturintys $iy domeny, kaip, pavyzdziui, trime-
riné DNazé NucC, kuri aktyvuojasi subvienety sgveikos pavirSiuje surisusi
CAs (Grischow et al., 2021; Lau et al., 2020). Neseniai prof. Malcolm White
grupé parodé, kad Cmr kompleksas i§ Bateroides fragilis vietoje COA gamina
SAM-AMP signalines molekules (Chi et al., 2023). Naujai atrastas aktyvato-
rius aktyvina membraninj baltymg CorA pazeidziant] plazmidés membranos
integralumg infekcijos metu, kas galéty sukelti zitj arba stabdyti 1astelés au-
gimg. Didéjant sekoskaitos apimtims atrandama vis naujy pagalbiniy efek-
toriy, susijusiy su III tipo CRISPR-Cas sistemomis (Altae-Tran et al., 2023).
Charakterizavus Siuos efektorius juos biity galima panaudoti iSvedant naujus
biotechnologijoje svarbiy bakterijy kamienus atsparesnius fagy infekcijoms.
ISsiaiskinus S§iy ir kity apsaugos sistemy veikimo mechanizmus galétume ri-
boti $ias sistemas turincias bakterijas naujoviska fagy terapija medicinoje.
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Taip pat biity galima testi Camil ir ribosomos stiebo sgveikos tyrimus.
Anksc¢iau buvo parodyta, kad ribosomy stiebas suriS$a GTPazinius transliacijos
faktorius, kas padidina transliacijos efektyvuma prokariotuose ir eukariotuose
(Liljas ir Sanyal, 2018). Eukariotuose prie stiebo gali jungtis ir ribosomas su-
gadinantys RIP baltymai. Misy ziniomis Camil yra pirmasis charakterizuotas
baltymas, kuris jungiasi prie prokariotinés ribosomos stiebo neskaitant GTPa-
ziniy transliacijos faktoriy. Kaip ir RIP baltymai, Camil slopina transliacijg.
Camil jungiasi prie stiebo bL12 baltymo C-galinio domeno per wHTH do-
meng. Kadangi skirtingos transliacinés GTPazés saveikauja su bL12 C-galiniu
domenu per tarpusavyje panaSius G (arba G’) domenus, galima spéti, kad ir
Kiti dar nezinomi baltymai, turintys j Camil panaSy wHTH domena, taip pat
galéty per ji jungtis prie ribosomos stiebo. Atlikus nuodugnig seky-struktiiry
bei tarpusavio sgveikos analize, biity galima rasti potencialiy naujy su riboso-
momis sgveikaujan¢iy baltymy. Kadangi transliacija yra vienas kertiniy pro-
cesy lasteléje, duomenys apie naujus ribosomy veiklag moduliuojancius efek-
torius galéty pateikti naujy jzvalgy lastelés biologijoje ar vesti prie pritaikymy
biotechnologijoje.

ISVADOS

1. Csm3 perkirpus RNR S. thermophilus Csm kompleksas uZlaiko galinius
karpymo produktus, kurie stimuliuoja Cas10 DNazés aktyvuma.

2. CARF7 baltymy grupéje CARF-WHTH-RelE domening sudét] turintys
Camil baltymai tikétinai susidaré per kelis atskirus kartus susiliejant do-
menams.

3. Camil baltymus aktyvina cAs, kuris yra sukarpomas CARF domene.

4. Aktyvinto Camil baltymo RelE domenas kerpa mRNR prieinama riboso-
mos A srityje

5. In vivo aktyvintas Camil kerpa transliuojamas mRNR, kas slopina bakte-
rijy augima.

6. Aktyvinto Camil baltymo wHTH domenas sgveikauja su ribosomos stiebo
baltymu bL12, kas palengvina patekima j ribosoma ir MRNR Kirpima.
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APPENDICES

Appendix 1. Plasmids used in this work.

Name

Description Source

Link to sequence

PET-Csm2-tag

Encodes S. thermophilus DGCC8004 Csm2 protein with
fused Strepll affinity tag to N-terminus downstream of Pr7.
Based on pETDuet-1 vector (Novagen).

(Tamulaitis et al.,
2014)

https://benchling.com/s/seq-
bh4qYLI21LORpYWuBgTK

pCas/Csm_D33A

Encodes S. thermophilus DGCC8004 type I11-A CRISPR-
Cas protein locus (cas6-cas10-csm2-csm3-csm4-csmb-
csm6-csm6’) downstream of Pr7. Csm3 encoding gene car-
ries a D33A mutation. Based on pCDFDuet-1 vector (No-
vagen).

(Tamulaitis et al.,
2014)

https://benchling.com/s/seq-
TbuNIréws04hJkHrKht0

pBAD/HisA

Thermo Fisher Sci-

Empty pBAD/HisA vector. entific

StCsm complex components for FCS and activity assays

pCsm2-TEV-tag

Encodes S. thermophilus DGCC8004 Csm2 protein with
fused Strepll affinity tag and TEV protease recognition se-
guence to N-terminus. Prepared from pET-Csm2-tag as de-
scribed in Methods 2.2.2.

This work

https://benchling.com/s/seq-
t6LBIL8Ox1XUstquU X862

pCRISPR_S3

Encodes a synthetic CRISPR locus consisting of five S.
thermophilus DGCC8004 CRISPR2 region repeats inter-
spaced by four identical copies of S3 spacer of the same re-
gion downstream of Pr7. Based on pACYCDuet-1 vector
(Novagen).

(Tamulaitis et al.,
2014)

https://benchling.com/s/seq-
ImgWSnyAdXKnwUROnNIpj
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https://benchling.com/s/seq-bh4qYLl21L0RpYWuBqTK
https://benchling.com/s/seq-bh4qYLl21L0RpYWuBqTK
https://benchling.com/s/seq-TbuNIr6ws04hJkHrKht0
https://benchling.com/s/seq-TbuNIr6ws04hJkHrKht0
https://benchling.com/s/seq-t6LB9L8Qx1XUstqUX862
https://benchling.com/s/seq-t6LB9L8Qx1XUstqUX862
https://benchling.com/s/seq-ImgWSnyAdXKnwUROnIpj
https://benchling.com/s/seq-ImgWSnyAdXKnwUROnIpj

pStCsm

Encodes S. thermophilus DGCC8004 Cas6, Cas10, Csm2,
Csm3, Csm4, and Csmb proteins downstream of Py7. Based
on pCDFDuet-1 vector (Novagen).

Named as pCas/Csm_ACsm6’ACsm6 in source publication.

(Mogila et al., 2019)

https://benchling.com/s/seq-
NEdoGMvJTB3n6ut9AI1L

pStCsm_dRNase

Similar to pStCsm with D33A substitution in Csm3 gene.
Prepared from pCas/Csm_D33A and pStCsm using Gibson
assembly as described in Methods 2.2.2.

This work

Matrices of RNA substrates for StCsm

(Tamulaitis et al.,

https://benchling.com/s/seq-

pUC18_S3/2 Encodes S3/a RNA substrate in pUC18 vector. 2014) TLXrresel TxdemAcNWHY
Encodes S3/n RNA substrate in pUC18 vector. Prepared https://benchling.com/s/sed-
pUC18_S3/n from pUC18_S3/2 using Gibson assembly as described in This work
hg2m4sqlVicSDeeX1YZX
Methods 2.2.2.
Encodes NS RNA sut_)stratg in pUC18 vector. Prepgred _ _ https://benchling.com/s/seq-
pUC18_NS from pUC18_S3/2 using Gibson assembly as described in This work MSWW2nBIeoN9SCxYVBS7
Methods 2.2.2.
WT Camil proteins
A. vinosum DSM180 Camil protein (NCBI protein refer-
pAvCamil ence sequence WP_012972290.1) with fused C-terminal This work https://benchling.com/s/seq-
Strepll and Hisy affinity tags encoded downstream of Pgap. oHpybdGJ3r9CRBwFndkB
Synthesized by Twist Bioscience.
C. aerophila DSM14535 Camil protein
pCaCamil (WP_044276641.1) with fused C-terminal Strepll and Hisio This work https://benchling.com/s/seq-

affinity tags encoded downstream of Pgap. Synthesized by
Twist Bioscience.

9d9cQhNIAUBYYWSUEIAX
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https://benchling.com/s/seq-NEdoGMvJTB3n6ut9Al1L
https://benchling.com/s/seq-NEdoGMvJTB3n6ut9Al1L
https://benchling.com/s/seq-TLXrrcseI7xdcmAcNWHv
https://benchling.com/s/seq-TLXrrcseI7xdcmAcNWHv
https://benchling.com/s/seq-hg2m4sqIVtcSDceXIYZX
https://benchling.com/s/seq-hg2m4sqIVtcSDceXIYZX
https://benchling.com/s/seq-msWW4nBIeoN9SCxYVBS7
https://benchling.com/s/seq-msWW4nBIeoN9SCxYVBS7
https://benchling.com/s/seq-oHpybdGJ3r9CRBwFndkB
https://benchling.com/s/seq-oHpybdGJ3r9CRBwFndkB
https://benchling.com/s/seq-9d9cQhNiAUBYyw5UEIAX
https://benchling.com/s/seq-9d9cQhNiAUBYyw5UEIAX

pCCaCamil

Candidatus C. acidaminovorans str. Evry Camil protein
(WP_015424585.1) with fused C-terminal Strepll and Hisio
affinity tags encoded downstream of Pgap. Synthesized by
Twist Bioscience.

This work

https://benchling.com/s/seq-
3aPoiKSOAGWOgnMrEVPf

pChCamil

Caldicellulosiruptor hydrothermalis 108 Camil protein
(WP_013404376.1) with fused C-terminal Strepll and Hisig
affinity tags encoded downstream of Pgap. Synthesized by
Twist Bioscience.

This work

https://benchling.com/s/seq-
0B9syIKHfLP9v6D39PuV

AvCamil CARF domain mutants

pAvCamil-S11A

Similar to pAvCamil with introduced S11A mutation. Pre-
pared from pAvCamil. Preparation of this and subsequent
mutants is described in Methods 2.2.2.

This work

pAvCamil-K157A

Similar to pAvCamil with introduced K157A mutation.
Prepared from pAvCamil.

This work

AvCamil RelE domain mutants

pAvCamil-H306A

Similar to pAvCamil with introduced H306A mutation.
Prepared from pAvCamil.

This work

pAvCamil-K317A

Similar to pAvCamil with introduced K317A mutation.
Prepared from pAvCamil.

This work

pAvCamil-R325A

Similar to pAvCamil with introduced R325A mutation.
Prepared from pAvCamil.

This work

pAvCamil-H343A

Similar to pAvCamil with introduced H343A mutation.
Prepared from pAvCamil.

This work

AvCamil CARF and RelE domain mutants
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https://benchling.com/s/seq-3aPoiKSOAGW0gnMrEVPf
https://benchling.com/s/seq-3aPoiKSOAGW0gnMrEVPf
https://benchling.com/s/seq-0B9syIKHfLP9v6D39PuV
https://benchling.com/s/seq-0B9syIKHfLP9v6D39PuV

Similar to pAvCamil with introduced S11A and K317A -

. . .
pAVCamil-SIIA+KIITA mutations. Prepared from pAvCamil-S11A. This work

Similar to pAvCamil with introduced S11A and H343A -

pAVCamIl-SLIA+H343A mutations. Prepared from pAvCamil-S11A. This work

AvCamil mutants and bL12 for wHTH-bL12 interaction studies

Similar to pAvCamil with introduced S11A and K134A -

. N ]
PAVCamil-SLIA+KISAA mutations. Prepared from pAvCamil-S11A. This work
pAvCamil- Similar to pAvCamil with introduced S11A, Q210A and This work -
S11A+Q210A+E212A E212A mutations. Prepared from pAvCamil-S11A.
pAvCamil- Similar to pAvCamil with introduced S11A, Q210R and This work -
S11A+Q210R+E212R E212R mutations. Prepared from pAvCamil-S11A.
. Similar to pAvCamil with introduced S11A, T213R muta- . -
pAvCamil-SIIA+T213R tions. Prepared from pAvCamil-S11A. This work
. Similar to pAvCamil with introduced S11A, E238A muta- . -
A 1-S11A+E238A . . Th k
pAvCamil-S 38 tions. Prepared from pAvCamil-S11A. 1 wor
. Similar to pAvCamil with introduced S11A, F252A muta- This work -
A 1-S11A+F252A . .
pAvCamil-S > tions. Prepared from pAvCamil-S11A.
pAvCamil Similar to pAvCamil with introduced S11A, Q210A, This work -
E212A and E238A mutations. Prepared from pAvCamil-
811A+Q21OA+E212A+E238A311A+Q210A+E212A.
Encodes E. coli bL12 protein with N-terminal Hiss affinity https://benchling.com/s/seq-
V281-L.12 . | 1., 2017
pSV28 tag and TEV protease cleavage site downstream of P7. (Carlson etal., 2017) 9hLtNG6IEIhgRp4rxIQsy
StCsm components and target for Camil in vivo toxicity assays
stcsm dNucleases Similar to pStCsm with two single-residue substitutions: (Smalakyte et al.,  https://benchling.com/s/seq-
P - D33A in csm3 gene and D16A in cas10 gene. 2020) rp2i46L3UoH8QsKcZL Tv
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https://benchling.com/s/seq-9hLtN6IElhqRp4rxIQsy
https://benchling.com/s/seq-rp2i46L3UoH8QsKcZLTv
https://benchling.com/s/seq-rp2i46L3UoH8QsKcZLTv

Named as pCas/Csm_dCsm3_dHDCas10 ACsm6'ACsm6
in source publication.

Similar to pCRISPR_S3, encodes four identical spacers

complementary to mMRNA of EGFP gene downstream of T7 (Fricke et al., 2020) https://benchling.com/s/seq-
promoter. Based on pACYCDuet-1 vector (Novagen). a 2Hj9gTTIIU6iLuBg8zUJ
Named as pCRISPR_EGFP in source publication.

pCRISPR

Encodes EGFP protein downstream of T7 promoter. Based .
protein dow P (Smalakyte et al.,  https://benchling.com/s/seq-

pTarget on pCOLADuet—l vectqr (Novagen). Named as pTar- 2020) KBJL ZeHKXOmsBF218Uyi
get_GFP in source publication.
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Appendix 2. Substrates and probes used in this study.

Name

Type

Sequence (5' to 3') with modifications

Description

Substrates for StCsm binding and activity assays*

S3/a

RNA

GGGAAACGACGGCCAGUGCCAAGCUUGCAUGCCUGCAGGUCGACUCUAGA
GGAUCCCCAAAUAUAAGGUGGAAUAAGUGAACAGAAUUAAACAGUUACGA
AAAAAAAAAAGGGUACCGAGCUCGAAUUCGUAAUCAUGGUCAUAGCUGUU
UCCUGUGUGAAAUUGUUAUCCGCUCACAAU

Activating RNA substrate, complemen-
tary to spacer and non-complementary to
5'-tag of S3 crRNA bound by StCsm.

S3/n

RNA

GGGAAACGACGGCCAGUGCCAAGCUUGCAUGCCUGCAGGUCGACUCUAGA
GGAUCCCCAAAUAUAAGGUGGAAUAAGUGAACAGAAUUAAACAGUUACGA
AAGUUUCCGUGGGUACCGAGCUCGAAUUCGUAAUCAUGGUCAUAGCUGUU
UCCUGUGUGAAAUUGUUAUCCGCUCACAAU

Non-activating RNA substrate, comple-
mentary to both spacer and 5'-tag of S3
CrRNA.

NS

RNA

GGGAAACGACGGCCAGUGCCAAGCUUGCAUGCCUGCAGGUCGACUCUAGA
GGAUCCCCAAAUAUAAUUUCGUAACUGUUUAAUUCUGUUCACUUAUUCCA
CCAAAAAAAAGGGUACCGAGCUCGAAUUCGUAAUCAUGGUCAUAGCUGUU
UCCUGUGUGAAAUUGUUAUCCGCUCACAAU

RNA substrate which is non-complemen-
tary to S3 crRNA.

S3/iL

RNA

GGGAUCCCCAAAUAUAAGGUGGAAUAAGUGAACAGAAU [U-ATTO647N]
AAACAGUUACGAAAAAAAAAAAGGGUACC

Internally labelled activating RNA sub-
strate, complementary to spacer and non-
complementary to 5'-tag of S3 crRNA

FQ-DNA

DNA

[6FAM] -TTAGCT- [BHQ1]

DNA substrate for StCsm DNase assays
labelled with 6FAM fluorophore and
BHQ1 quencher.

Probes for FCS

Green-probe

DNA

ATGCAAGCTTGGCACTGGCCGTCGTTTCCC- [ATTO532]

ATTO532-labelled probe complementary
to 5'-end of S3/a, S3/n and NS substrates.
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ATTO647N-labelled probe complemen-

Red-probe DNA [ATTO647N]-ATTGTGAGCGGATAACAATTTCACACAGGA tary to 3’-end of S3/a, S3/n and NS sub-
strates.
Substrate for Candidatus C. acidaminovorans Csm complex activation
CCa target Used to induce cA4 synthesis-from ATPin
RNA GGGUGAAGAGCAAUGAGCUCUCGAGGUGCGAUAUCGCUCUUCCCAGUGUA CCaCsm. Substrate was obtained from D.
RNA Smalakyté (Smalakyte et al., 2024)
Substrates for Camil activity assays?
RNA substrate for in vitro mRNA inter-
rib-UAG RNA GGGCAAGGAGGUAAAAAUGUAGAAAAACAAU ferase assays. Sequence was obtained
from (Griffin et al., 2013).
RNA substrate corresponding to rib-UAG
fib-UAG-OMe RNA GGGCAAGGAGGUAAAAAUG[OMe-U] [OMe-A] [OMe-G]AAAAACAAY Mt 2-O-methylated (OMe) UAG motif
- used as a control for mRNA interference
assays and cryoEM.
RNA substrate corresponding to rib-UAG
rib-NNN RNA GGGCAAGGAGGUAAAAAUGNNNAAAAACAAU with NNN motif instead of UAG used in
MRNA interference assays.
Northern blot probes for E. coli endogenous RNA
DNA-ompA DNA ACACCCAGGCTCAGCATGCCGTTGTCC Prob.e for ompA mRNA. Sequence was
obtained from (Hurley et al., 2011).
DNA-ompF  DNA AAACCAAGACGGGCATAGGTC Zgﬁi for ompF mRNA (Hurley et al.,
DNA-Ipp DNA TTACTTGCGGTATTTAGTAGCC Probe for Ipp mRNA (Hurley et al., 2011).
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Probe for tufA mRNA (Hurley et al.,
2011).

Probe for tmRNA (Christensen and
Gerdes, 2003).

Probe for 5S rRNA (Urban and Vogel,
2007).

DNA-tufA DNA TGAGAAGTGTTGATGGTGATACC

DNA-tm DNA GCCCCTCGGCATGCACC

DNA-5S DNA CTACGGCGTTTCACTTCTGAGTTC

1 Blue denotes sequence complementary to StCsm S3 crRNA, green and red indicate hybridization sites for “Green-probe” and “Red-
probe” DNA oligonucleotides, respectively. Underlined sequence corresponds to the portion of substrate aligning with 5'-tag of
crRNA upon substrate binding to StCsm complex. Modifications are bolded. See also Appendix 3.

2 Blue denotes codons exposed in the A-site of E. coli 70S ribosomes programmed by tRNA™¢ binding to AUG codon (underlined)
of the substrate. Modifications are bolded.
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Appendix 3. Scheme of substrates used in FCS assays. Full RNA and probe DNA sequences are listed in Appendix 2. StCsm
cleavage positions are indicated by dashed arrows.

Csmé4 Csm3 Csmb5
L e A
Cas10 ' Csm2
Csm3.1 Csm3.2 Csm3.3 Csm3.4 Csm3.5
StCsm CrRNA: 5' ~ACGGAAACUUUCGUAACUGUUUAAUUCUGUUCACUUAUUC-3 *
3! FELLEEEEELEEEEE e sf
S3/a: — UGGGAAAAAAAAAAAGCAUUGACAAAUUAAGACAAGUGAAUAAGGUGG ———
FEEEEETER R r v e e R
S3/n: ‘_—UGGGUGCCUUUGAAAGGAUUGAGAAAUUAAAGACAAGUGAAUAAGGUGG =¥
[ o (AN [
NS: —UGGGA.Z-\.Z-‘MAAZ-‘;AACCI-\CCUUAUUGZ!CUUGUCUUAIXUUUGUC‘M!UGCUUU—J
PERPEEETRREEEETTEEEE TR R BT
S3/iL: —UGGGAAAAAAAAAAAGG'AUUGAG'AAAEUAPGACAAGUGAAU;MGGUGG—
v
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Appendix 4. FQ-DNA cleavage by micrococcal nuclease used to relate fluo-
rescence intensities to cleaved single-stranded DNA. (A) Measured fluores-
cence traces (solid lines) together with an exponential fit (dashed lines) for
increasing concentrations of FQ-DNA. (B) Fitted amplitudes (solid scatter
points) obtained in (A) in dependence of the FQ-DNA concentration together
with a linear fit (dashed line). The linear fit provided a linear scaling factor of
7.44 fluorescence units = 1 nM cleaved DNA (linked to Fig. 3.4).
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Appendix 5. Crystallographic data collection and refinement statistics.

Data Collection Native Se-Met

Wavelength 0.9686 0.9739

Resolution range, A 64.71-1.70 (1.79-1.70) 45.75-1.80 (1.90-1.80)
Space group P2, P2,

Unit cell

65.238 90.428 65.616
90.000 99.555 90.000

65.650 91.497 65.878
90.000 99.719 90.000

Total / unique reflections | 578268 (83153)/ 942970 (134944)/
81871 (11877) 70781 (10053)

Multiplicity 7.1(7.0) 13.3(13.4)

Completeness (%) 99.3 (99.0) 99.6 (97.5)

Mean I / sigma(l) 17.7 (2.5) 18.4 (3.6)

Wilson B-factor 30.1 31.1

Rmerge? 0.042 (0.669) 0.070 (0.766)

CCu2® 0.999 (0.875) 0.999 (0.918)

Refinement

Reflections used in re- | 161196/16039

finement (total / R-free)

Ruwork®/ Riree”, % 18.58/21.47

Number of non-hydrogen | 5989/0/367

atoms (macromolecules /

ligands / solvent)

RMS (bonds / angles) 0.007/0.820

Ramachandran: favoured
/ allowed / outliers (%)

98.23/1.50/0.27

/ ligand / solvent)

Rotamer outliers (%) 1.50
Clashscore 2.71
Average B-factor (protein | 35.48/-/37.86

Data collection statistics for the highest-resolution shell are shown in paren-

theses.

_ Thia Xz 1i(RkD—(1(hkD)|

a
Rmerge =

ShkiXieq Ii(hElD)

ured reflection (hkl) and n denotes multiplicity.
oo /2 is the correlation coefficient of the half datasets.

Cc R —
work YIFobsl

structure factors.

dR —
free ET|F0bs|

_ Z“Fobsl_chalcll

_ ET“Fobsl_chalc”

, Where I;(hkl) is the intensity of the meas-

, Where F,;,; and F,,;. are observed and calculated

, Where T is a test dataset of ~10% of the total re-

flections randomly chosen and set aside prior to refinement.
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Appendix 6. Table of cA4 hydrolysis (by AvCamil) product m/z ratios ob-
tained by MS.

retention time of the peak 17.6' 19.0' 21.0'
compound A>p cA4 A>p
ion (M-H) (M-2H) 2 (M-H) (M-2H) (M-Hy (M-2H) 2
theoretical 657.0978 328.0452 1315.2028 657.0978 1315.2028 657.0978
CA4 only n/d n/d 1315.1956 657.0959 n/d 657.0956
o CA; + AvCamil 657.0956 328.0453 n/d 657.0976 1315.1942 657.0956
E cA, + CaCamil n/d n/d 1315.1975 657.0971 1315.1952 657.0969
cA, + CCaCamil 657.0971 328.0460 n/d 657.0969 n/d 657.0966
CA, + ChCamil 657.0971 328.0461 n/d 657.0903 1315.1980 657.0973
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Appendix 7. Scheme of cryo-EM image processing.

Dataset 2
3,644 micrographs

Dataset 1
991 mlcrographs

preprocessing
blob picking
642,501 particle
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reconstruction | 158k ptc; 3.00 A

ST
o0
ooE

heterogeneous refinement

‘l‘l‘l

homogeneous
refinement

i1
focused 3D classification
mask on A site

Camit:[ - - + +
277K ptc; 20% | | 23% | | 32% | | 25%
297 A
homogeneous
refinement
local motion correction .
2 87 A

masking
30S + EPA sites

A snte

! X local ref nements
2 ;
53 ,
1% 7% 24% e
, 3.65A
5 L
combine focused :
: < maps (phenix) reference map
5% 52% AvCami1 region
A site (AvCami1) loc. ref. GSFSC resolution: 3.65 A
1o —— No Mask (5.14)
~— Spherical (4 34)
0.8 —— Tight (364)
~— Corrected (3.74)
0.6
04
0.2
00 AN, Sy 20A 50A 80A
DC 184 94 64 asA 36A 34 264

FSC

30S + EPA sites loc. ref. GSFSC resolution: 3.00 A

508 local refinement. GSFSC resolution: 2.91 A
1.0

10
—— No Mask (3.64) —— No Mask (344)
~—— Spherical (3.24) ~— Spherical (3.14)

0.8 — Tight (34) 0.8 — Tight (2.94)
—— Corrected (34) —— Corrected (2.94)

0.6 0.6

0.4 0.4

0.2 0.2

& NN o L

bc 184 94 64 454 36A 34 264 bc 184 94 64 454 364 34 264

Spatial frequency (A1)

185



Appendix 8. Cryo-EM data collection, refinement and validation statistics.

cAs-bound AvCamil in complex with 70S ribosome (PDB 8PHJ, EMD-1767)

Data collection and processing
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Magnification 92000 Axial symmetry C1
Voltage (kV) 200 Initial particle images (no.) 642,401
Electron exposure (e— | 30.58 Final particle images (no.) 158,387
1R?)
Defocus range (pm) -1.0/-2.0 Sphericity 0.982
Pixel size (A) 1.12 Composite map resolution | 3.4
(R)
FSC threshold 0.143
Refinement
Initial model used (PDB | 7K00, 8PHB R.m.s. deviations
code) Bond lengths (A) 0.005
Bond angles (°) 0.496
Model resolution | 3.0 Validation
(drsc_modet) (A) MolProbity score 1.62
FSC threshold 0.143 Clashscore 3.58
Poor rotamers (%) 2.16
Map sharpening B factor | -113.8 CaBLAM outliers (%) 0
(A% Cp outliers (%) 0
Peptide plane (%)
Cis proline/general 3.0/0
Twisted proline/general 0/0
Model composition Ramachandran plot
Chains 61 Favoured (%) 96.62
Non-hydrogen atoms | 152472 Allowed (%) 3.37
Protein residues 6749 Disallowed (%) 0.02
Nucleotides 4642
Ligands (ZN, MG) 243
Water 0
B factors (A2) min/max/mean
Protein 3.48/82.89/35.10
Nucleotide 3.15/138.82/38.06
Ligands 1.84/102.25/20.65
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