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LIST OF ABBREVIATIONS
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dsDNA double-stranded DNA
dSTORM direct stochastic optical reconstruction microscopy
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eAgos eukaryotic Argonaute proteins
eGFP enhanced green fluorescent protein
FM fluorescence microscopy
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gRNA guide RNA
HILO highly inclined and laminated optical sheet IR infrared
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nt nucleotides
pAgos prokaryotic Argonaute proteins
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PEG polyethylene glycol
PLD phospholipase D
pre-crRNA pre-CRISPR RNA
PSF point spread function
REase restriction endonuclease
RM restriction-modification
RNase ribonuclease
RRM RNA recognition motif
SAM S-adenosyl-L-methionine
SiAgo short prokaryotic Argonaute protein from Sulfolobus islandicus

SIM structured illumination microscopy
SIR2 silent information regulator 2
SM single-molecule
SMF single-mode fiber
SMFM single-molecule fluorescence microscopy SmFRET
single-molecule FRET
SMLM single-molecule localization microscopy SPARDA short
prokaryotic Argonaute, DNase associated SPARSA short
prokaryotic Argonaute SIR2-APAZ SPARTA short prokaryotic
Argonaute TIR-APAZ SR super-resolution
SSB single-stranded DNA-binding
ssDNA single-stranded DNA
TA toxin-antitoxin
TIR Toll-interleukin receptor
TIRF total internal reflection fluorescence
TmuSPARDA SPARDA complex from Thermocrispum municipale
tracrRNA trans-activating CRISPR RNA
tRNA transfer RNA
WT wild-type

XauSPARDA SPARDA complex from Xanthobacter autotrophicus Py2
a-syn a-synuclein
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INTRODUCTION

Over billions of years of evolution, bacteria have developed a multitude
of systems responsible for cell integrity maintenance. Such systems protect
these unicellular organisms from diverse exogenous nucleic acids (NA) —
bacteriophage genomes, plasmids and other mobile genetic elements (MGEs)
— that typically act as intracellular parasites exploiting the molecular
machinery and vital resources of the living cell'>. When battling these
invaders, bacteria rely on innate and adaptive immunities, both involving a
plethora of different proteins®. While auxiliary proteins are just as important
for carrying out numerous additional functions, which span from regulation
to modification, effector proteins or complexes are the ones that gather all the
spotlight when either of the bacterial immune pathways is activated. The
effectors usually perform their defensive role by directly interacting with NA,
which have breached into the cell, and cleaving them?. Deeply understanding
the molecular mechanisms of such protein-NA interactions is valuable not
only from a fundamental standpoint. As previously demonstrated by
numerous examples, different proteins, especially nucleases, found in various
bacterial defense systems were successfully applied in molecular biology,
genome editing, biotechnology, NA diagnostics, biomedicine, and other
fields*. Therefore, novel mechanistic studies of less-characterized proteins
could unravel new candidates with a high intrinsic potential to become even
more effective tools in a wide range of applications.

The rapid advance of bioinformatics®, sequencing®and protein structure
prediction’tools over the past years have radically changed the general
understanding of the defensive arsenal possessed by bacterial cells. Just over
a decade ago only several bacterial defense systems were known, which,
according to the beliefs of the time, seemed to define almost the entire
defensive potential of bacteria. At the present time, it more seems that the
actual limits of this potential are far from clear, as the number of newly
identified candidates with their plausible roles in bacterial immunity has now
surpassed two hundreds®. Also, the fact that in the bacterial genomes, the
genes, which encode proteins involved in bacterial defense systems, tend to
form separate clusters, the so-called “defense islands”, further increases the
overall complexity of organization inherent to these systems’.

Within this rich and yet to be explored context, the research focus is
unavoidably shifting to the completely unknown candidates identified as
potential role-players in bacterial protection. For instance, the number of
studies on restriction-modification (RM) systems, which nowadays can be
considered as a classical example of bacterial defense, is slowly decreasing
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each year. It is likely that soon the same tendency will also be visible in the
study number of newer but already rather well-characterized bacterial defense
systems, such as clustered regularly interspaced short palindromic repeats
(CRISPR)-associated (Cas) systems or the ones based on prokaryotic
Argonaute proteins (pAgos). Despite this, given the enormous contribution of
these systems to the various fields of science, medicine and industry over the
years, the research of their key components remains relevant to this day. Since
the diversity of RM, CRISPR-Cas and pAgo-based systems is extremely
broad, all of them still encompass proteins that are incompletely characterized
and possibly could be of a particular use in certain practical applications'°.
When characterizing NA-binding proteins, the most difficult challenge
usually is to determine the precise molecular mechanisms governing the
dynamic interactions between the protein of interest and NA. This typically
requires rather powerful methods distinguished by such features, as high
spatiotemporal resolution, high sensitivity, precision at the molecular level or
high-throughput, all of them being indispensable in this kind of research'!,
Mechanistic studies of protein-NA interactions commonly rely on
biochemical (e.g., chromatin immunoprecipitation followed by sequencing
(ChIP-seq)'? or electrophoretic mobility shift assay (EMSA)'?), functional
(e.g., site-directed mutagenesis'?) and structural (e.g., cryo-electron
microscopy (cryo-EM) and its derivatives') techniques'®. Despite being so
widespread, these methods fall short in the following aspects — they either
measure only the average values of the chosen molecule-ensemble properties
or capture only the snapshots of biomolecules at fixed time points'’. Because
of these two major drawbacks, the valuable information about the possible
heterogeneity of molecules and their dynamic interplay in the sample of
interest is concealed or even lost completely'®.

In contrast to structural or bulk measurements, single-molecule (SM)
techniques offer several main advantages: (1) they enable direct visualization
of individual protein-NA complexes, (2) allow one to continuously monitor the
interaction dynamics between these biomolecules in real time, (3) are able
to detect intermediate, rare or short-lived unique states characteristic of these
complexes and, thus, (4) help one to reveal the heterogeneity of the observed
molecule populations present in the sample of interest'®. There are multiple
methods dedicated for studying protein-NA interactions at the SM level:
magnetic tweezers, optical tweezers, tethered particle motion, atomic force
microscopy (AFM), SM Forster resonance energy transfer (SmFRET),

different types of DNA flow-stretch assays®’. Some of these techniques, like
AFM, are entirely standalone and can operate autonomously, while the
others,
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for instance, sSmFRET or DNA flow-stretch assays, usually work in tandem
with the already existing base methods.

One of such powerful methods is SM fluorescence microscopy
(SMFM)?!. Over the years, it has been successfully applied in numerous
protein-NA interaction-related SM-level studies, and by now can be
considered as a golden standard in this research topiczz. Nevertheless, some
bacterial defensomes can contain cell protection systems which are so intricate
that interdisciplinary studies are often required in order to unravel the full
mechanistic picture of these systems* functioning pathways®. To execute their
role efficiently, ensure strict regulation and minimize the risk of evasion,
bacterial defense systems tend to be multicomponent and typically involve one
effector protein or multisubunit effector complex and several other auxiliary
proteins**. Multicolor fluorescence imaging is then needed to visualize and
observe more than one fluorescently labeled distinct biomolecule of interest,
e.g., effector, regulator and NA, during the same experiment25 . SMFM-based
studies of protein-NA interactions performed in vitro involve purified
biomolecules, which are placed in a predefined environment of limited
complexity. Compared to such an artificial system, intracellular environment
of bacterium is far more complex and dynamic. Here, the proteins of interest
are prone to participate in transient non-specific interactions with a bacterial
chromosome or other large molecules, and they are also exposed to various
molecular effects, like crowding, sieving or oligomerization®®. It is highly
likely that conducting SM studies in living cells rather than in vitro reflects a
more accurate picture of mechanisms that bacterial defense system proteins
use to interact with cognate NA.

Since SMFM is a diffraction-limited technique, it alone is often
insufficient to effectively investigate the interplay between the selected
protein and NA in vivo. Two main reasons for this are: (1) many protein-DNA
complexes and their formed structures of a higher order are of sub-diffractive
dimensions, and (2) there are usually plenty of copies of the same fluorescently
labeled ever-moving protein of interest in a relatively small space. To resolve
such supramolecular assemblies or track the diffusion of individual proteins
in real time, advanced live-cell fluorescence imaging
techniques are needed. In many cases, diverse super-resolution (SR)
microscopy approaches, such as SM localization microscopy (SMLM)?’,
MINFLUX?® or super-resolution optical fluctuation imaging (SOFI)*,
perfectly fulfill this requirement. Finally, any taken cell resembles a confined
volumetric container, in which the molecules can move and reside along all
three axes in space. This calls for three-dimensional (3D) SM fluorescence
imaging, as any two-dimensional (2D) measurements greatly compromise the

15

30 Therefore, to be able to study the

Z-component-related information



underlying molecular mechanisms of protein-NA interactions effectively, one
often needs to use or even combine several different SM methods and
implement various sophisticated experimental-design schemes. To meet the
above listed criteria, a versatile high-resolution widefield fluorescence
microscope is necessary for maximizing the information output of SM-level
mechanistic studies on protein-NA interactions. Such optical microscopy
system should exhibit high sensitivity to grant SM detection and extreme
stability to ensure proper measurement quality over an extended duration.
More importantly, it should be modular enough to fulfill the complex design
schemes of the planned experiments, as well as to be able to image a wide
variety of sample types. The modularity aspect should be present in all major
parts of the microscope — laser sources, excitation and emission paths — and
implemented via interchangeability, adaptability and expandability of these
fundamental units. Ideally, this microscopy framework should incorporate
the following capabilities: (1) multicolor imaging or at least two color
simultaneous imaging, (2) imaging in several different modes of excitation,
(3) live-cell imaging, (4) SR imaging, (5) 3D imaging modality. The appeal
of this bespoke system is further increased if such microscope is also cost
effective and provides a robust and user-centric software package for
controlling the hardware and both acquiring and analyzing the collected data
in one unified environment. However, neither the commercial market selling
various optical fluorescence imaging equipment, nor the scientific
community specializing in developing distinct home-built open-source
fluorescence microscopes can currently offer such a multipurpose high-
resolution fluorescence microscopy (FM) platform®'. The lack of such needed
cutting edge technology halts the potential breakthrough in both novel and
classical bacterial defense systems* research, since there is still a
considerable knowledge gap in the complete understanding of distinct
effector protein-NA interaction mechanisms on a molecular basis.

The aim of this dissertation is to, by means of SMFM in vitro,
elucidate the molecular mechanisms governing the protein-NA interactions
in fundamentally different bacterial innate and adaptive immunity systems.
To achieve this aim, four main objectives were set:

1. Build, characterize and, using different types of biological samples,
validate high-resolution widefield fluorescence optical microscopy
system miEye.

2. Employing smFRET technique, determine the mechanism by which
catalytically inactive K107A mutant of Bacillus firmus Type 1IS

16
restriction endonuclease (REase) Bfil interacts with DNA in cis and in
trans.



3. Based on Soft DNA Curtains platform, assess the anti-CRISPR (Acr)
protein AcrlF9-induced changes in target search mechanism of Type
I-F CRISPR-Cas system Cascade complex from Aggregatibacter
actinomycetemcomitans D7S-1.

4. Using DNA flow-stretch assay, reveal the mechanism of action of short
pAgo SPARDA found in Py2 strain of Xanthobacter autotrophicus.
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SCIENTIFIC NOVELTY

The optical widefield FM system miEye developed in this work is a new



improved iteration of the open-source miCube microscope’”. The miEye
microscopy system combines fully modular, stable, and cost-effective
hardware with Python-based open-source software entitled microEye, which
we have written in parallel with the development of our microscopy system.
The result of merging these separate components into a single, flexible, yet
robust framework — versatile SR microscope miEye. It offers SM fluorescence
imaging and SMLM capabilities for diverse sample types, and ensures a
convenient user experience by integrating microscope control, image
acquisition and data analysis modules within a unified environment of
microEye®. Compared to similar SMFM and SMLM systems developed in
house by other research groups to this date**>°, miEye is among the first ones
to be an entirely customizable open-source standalone SR imaging platform
with an affordable equipment, dedicated software package and in-depth
technical documentation.

Using the newly developed miEye microscope for simultaneous two
color fluorescence imaging, we show that neurodegenerative disease
associated a-synuclein®’ (0-syn) and the pro-inflammatory S100A9°3 are able
to form heterotypic droplet-like condensates under conditions that promote
liquid-liquid phase separation (LLPS). This is a new finding in the context of
earlier research conducted on these proteins. It is also the first demonstration
that our custom-built optical fluorescence microscope miEye can be
effectively applied for the qualitative imaging of biological samples
exhibiting a high level of heterogeneity, as well as for performing
quantitative two-color measurements in vitro.

In this dissertation, we employed few different SM-level techniques to
reveal the so far unknown mechanisms by which three separate effector
proteins, each belonging to a bacterial defense system of entirely different
nature, interact with NA. In the case of RM systems, the biological object of
study was Type IIS homodimeric REase Bfil from Bacillus firmus. Previous
biochemical ensemble-level studies provided detailed insights into a unique
double-stranded DNA (dsDNA) cleavage mechanism used by this restriction
enzyme>*!. The presence of two DNA-binding domains (DBD) allows Bfil
to bind to its two DNA targets either in cis or in trans manner. To date, the
direct demonstration of Bfil-DNA in cis and in trans interactions is still
lacking. Here we report SM-level characterization of these two distinct
mechanistic modes exploited by Bfil during its interplay with DNA. We also
provide the first detailed characterization of conformational dynamics of the
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nucleolytically inactive Bfil K107A mutant during its interaction with the
cognate DNA, as well as new insights into target search mechanisms
characteristic to this REase. Furthermore, in this study, we established a
novel assay based on the sSmFRET technique. The main advantage of this new



approach is that it is universal and can be used to investigate trans
interactions of other similar proteins, which are capable of simultaneously
binding two targets, with DNA.

The representative for studying CRISPR-Cas systems‘ protein
interactions with NA was Type I-F Cascade surveillance complex from
Aggregatibacter actinomycetemcomitans D7S-1 (Aa). The mechanisms of
unperturbed target search carried out by some other Cascade complexes of
Type I CRISPR-Cas systems have been already explored at the SM level
previously*™°. However, there are currently no in vitro mechanistic SM
studies in which the target search of Type I CRISPR-Cas surveillance
complexes has been examined in the context of the corresponding class Acr
proteins. For the first time, here we show that counter-defense protein AcrIF9
inhibits the target search characteristic of Aa-Cascade complex.

The SPARDA (short prokaryotic Argonaute, DNase associated)
complex, found in the mesophilic Xanthobacter autotrophicus strain Py2
(XauSPARDA), stood as a member of bacterial defense systems based on
short pAgos. Here, we report a full molecular mechanism of action of
XauSPARDA. It is in a good agreement with the mechanistic model of action
of another SPARDA complex from Novosphingopyxis baekryungensis
(NbaSPARDA)'¢. In the case of our study, for the first time, we performed a
direct real-time visualization of the continuous process of activated
XauSPARDA complexes® filamentation on individual long DN A molecules.
In addition, we qualitatively and quantitatively assessed the distinct
phenotypic changes experienced by DNA interacting with the activated
XauSPARDA complexes. Along with XauSPARDA, we also characterized
three other homologous SPARDA proteins in a similar manner. All of this
brings novel mechanistic insights into the extensive topic of pAgo-based
immune response of bacteria.
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STATEMENTS OF THE THESIS

1. Open-source modular widefield FM system miEye is suitable for
performing two-color fluorescence imaging, SMFM and SR imaging of
different biological sample types in vitro. (Publications 1 and 2)



2. Instantaneous closed-to-open state transition is a characteristic Bacillus
firmus REase Bfil conformational behavior occurring upon its cognate
DNA binding both in cis and in trans. (Publication 3)

3. Acr protein AcrIF9 hinders the effective target search of Aggregatibacter
actinomycetemcomitans Type I-F CRISPR-Cas surveillance complex.
(Publication 4)

4. Short pAgo SPARDA from Xanthobacter autotrophicus operates via
filamentation on long dsDNA molecules by effectively compacting and
cleaving them afterwards. (Publication 5)
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1. LITERATURE REVIEW

1.1. Defense systems — why do bacteria need them?

Bacteria are among the oldest organisms on Earth*®. In virtually any



ecosystem, they face various biotic threats, such as other competing bacteria,
bacterial and eukaryotic predators, as well as bacteriophages, which all have
shaped the physiology and evolution of bacteria for billions of years'.
Bacteriophages are considered to be the most abundant biological entities on
Earth — it is estimated that the number of their particles present in the
biosphere reaches 103 *7. These bacteria-infecting viruses hijack the host
cell’s machinery for self replication and further propagation. During
adsorption, phages specifically attach to the bacterial host and inject their
genome into it**. Once inside the cell, phages can undergo two main types of
lifecycle, depending on various factors*’. The lysogenic cycle involves
integration of the phage genome into the bacterial host genome™. Here, a
prophage forms and spreads across all future generations of such bacterium
by means of inheritance. In contrast, the lytic cycle involves three major
stages: (1) replication and expression of the phage genome, (2) assembly of
the new virions and (3) release of the phage progeny typically via endolysin
and holin-induced lysis of the host cell’!*2. Besides temperate (lysogenic)
phages and lytic phages, there are also other classes of phages that use
lifecycles different from these common two*. For example, chronic
(filamentous) phages undergo a slow replicative cycle during which new
phages are continuously released from the host usually without killing it,
hereby allowing the bacterial cells to survive the infection>.

Bacteriophages have evolved alongside bacteria for nearly 4 billion
years°!. The everlasting coexistence of these two ultimate enemies decidesthat
phage-resistant hosts protect the entire generations of bacteria, while phages
tirelessly continue to pose a threat to such bacterial strains. This warfare is
mostly driven by phages constantly developing novel strategies to evade the
numerous and diverse antiviral defense systems operating in bacteria®. Phages
play a crucial role in regulating bacterial populations across different
environments on Earth®>. Moreover, phages contribute to 20-40% of daily
mortality of bacteria®® and have a significant impact on biogeochemical
cycles®’.

Besides bacteriophages, MGEs also include plasmids, transposons,
integrative conjugative elements and genetic material that migrates by means
of transformation, transduction and conjugation®. Interactions between these
major MGEs and their hosts can be either mutualistic or parasitic. In exchange
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for maintaining a particular MGE, the host cell receives various benefits, such
as antibiotic resistance and virulence®®*®, genomic rearrangement
enhancement, which stimulates evolutionary innovation®, and facilitation of
the horizontal gene transfer, which is responsible for the inexhaustible
plasticity of prokaryotic genomes by constantly shuffling the gene pool for

selection®%2. On the contrary, the host cell is exploited for propagation®,



conjugation® and selfish maintenance through post-segregational killing®’ by,
for example, plasmids or temperate phages, which overall is costly in cellular
resources”. In addition, MGEs carrying potentially advantageous traits can be
outcompeted by the “initial” MGEs that were already present in the cell®®.
Phage “superinfection exclusion”®’ and other incompatibility or competition
mechanisms®®® usually govern such a parasitic behavior of certain MGEs.
All the threats described above primarily target the essential cellular
components, fundamental processes and vital functions of bacteria. This, for
instance, can include: (1) damage to the genomic DNA, cell membrane or
peptidoglycan wall, (2) arrest of DNA gyrase, RNA synthetase or ribosome
activities and (3) disruption of transcription or NA synthesis'. Being constantly
exposed to different kinds of attackers lurking in their natural
habitats, bacteria, over time, have developed a rich arsenal of self-defense
mechanisms, which can operate on various scales’!’. Defense at the molecular
level encompass modification of the vulnerable target or destruction of the
harmful agent’’. Cellular-level protection involve bacterial cell motility, efflux
pumps, secreted membrane vesicles and diverse macromolecular barriers,
such as the cell membrane, S-layer or lipopolysaccharides®. At the
multicellular level, dense cell clusters, resistant subpopulations and various
collective barriers, e.g., biofilms or extracellular polymeric substances, keep
bacteria safe from the predatory environmental hazards'.

1.2.Prevalence and diversity of bacterial defense systems

Due to the ubiquitous abundance of phages and other lethal threats,
bacteria are always under evolutionary pressure to acquire novel defense
systems capable of rapidly halting the spread of virus infection, as well as
effectively neutralizing any other type of intrusion’'. Recent advancements in
genome sequencing, bioinformatics and experimental analysis have led to the
discovery of more than 200 new defense systems, most of which confer
protection against bacteriophages’>’>. Multiple bacterial defense systems of
distinct nature tend to colocalize in special genomic regions known as defense
islands®’>7*. Yet, the exact reasons for this clustering remain unclear. In many
cases, defense islands associate with phages, phage satellites, integrative
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conjugative elements, plasmids and transposons’. This suggests that genomic
clustering may facilitate the horizontal transfer of defense systems. Synergy
between different defense systems or the need for coordinated regulation could
also be the driving forces for the origination of defensive islands®*®. Defense
islands are enriched with putative operons and contain abundant families of
widespread genes. Detailed analysis of the sequences of proteins

encoded by these genes has shown that most of them are diverged variants of



components present in the already known defense systems. The remaining
genes exhibit features like characteristic operon organization, which may be
an indication of entirely new means of bacterial protection’.

Depending on the system type, there is a large variation in the abundance
of defense systems found in bacteria. RefSeq database analysis based on
DefenseFinder®, a tool designed to systematically detect antiviral defense
systems in prokaryotic genomes, has been performed recently®®. The results
revealed that 84% and 40% of bacterial genomes contain RM and CRISPR
Cas systems, respectively, whereas more than half of the other detected
systems are encoded in <3% of bacterial genomes. Several systems can
cooperate to establish a single defensive arsenal that is characteristic of a
specific bacterial strain. Of the 21,364 fully sequenced bacterial genomes,
78% encode more than two defense systems (Fig. 1A) with the apparent
important variations between distinct strains®®. For instance, some bacterial
species encode over 50 different defense systems (e.g., 57 systems are found
in the genome of Desulfonema limicola), while the ones belonging to the
Chlamydiae phylum carry few-to-none defense systems®’* (Fig. 1B). It is
more than likely that antiviral immunity is highly conserved across both
prokaryotic kingdoms, as a substantial amount of bacteria-encoded defense
systems can also be found in archaea®. After detecting viral infection,
bacterial defense systems engage in the phage reproduction cycle
termination by mostly targeting NA, single nucleotides (nt), membrane of
the cell and other susceptible elements’. In bacterial genomes, NA-degrading
effectors are extremely widespread, whereas other types of antiphage
protection systems are less common®(Fig. 1C).

23



i3

- if : :

r " Do
j:‘| : .

l | 1T

e e

st

B s |

Figure 1. Prevalence and diversity of bacterial defense systems. (A) Distribution of the
total number of defense systems per bacterial genome. The average number of bacterial
defense systems per genome is indicated by the vertical dark grey bar. (B) Heatmap of
various identified defense systems (rows) per prokaryotic phylum (columns). Frequency
of a specific system present in the genomes of a particular phylum is indicated by the color
coding. (C) Treemap showing the relative abundance of different defense systems in
bacterial genomes. The average number of copies of the given system encoded in a single
genome is indicated in each rectangle, which area corresponds to this number as well. The
effector type encoded by each defense system is denoted by a distinct fill color.
Reproduced and modified from Georjon and Bernheim®.

1.3.Mechanistic variety of bacterial defense systems

Based on their mode of action, the defense mechanisms of bacteria can be
classified into three broad groups: (1) viral receptor variation-based resistance,
(2) immunity and (3) dormancy induction or programmed cell death’®”’.
Programmed mechanisms of receptor alteration, such as phase variation, are
attributed to the first group’®”". In some cases, physical receptor masking is
also employed to prevent phage attachment and penetration into the cell. For
the second line of prokaryotic defense, there are immune systems

that are based on the cell’s abilitiesto discriminate the host genome (self)
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the invading one (non-self) and to protect the host cell by eliminating the threat.



In respect to its nature, prokaryotic immunity can be innate, which is relatively
non-specific, or adaptive, exhibiting a high specificity®. Despite their extreme
variety, RM modules are currently one of the best-characterized prokaryotic
innate immune systems®'*>. Other examples of innate immunity in bacteria
and archaea include bacteriophage exclusion®** and pAgos®>®. In contrast,
rich and diverse CRISPR-Cas systems perfectly illustrate the concept of
adaptive immunity in prokaryotes®’#”%8. The final category includes such
defense systems as the numerous and highly diverse toxin-antitoxin (TA)
systems’*%%? and functionally similar abortive infection (Abi) systems”".

Another way of categorizing a plethora of mechanistically diverse
antiphage protection-ensuring strategies can be based on the specific viral
infection cues that are sensed by the different bacterial defense systems.
Certain defense systems detect invading NA, when a bacteriophage infects the
host cell’(Fig. 2A). In the majority RM and RM-like systems, specific host
DNA motifs are methylated”® or modified with phosphorothioate®>™ to
prevent host genome cleavage catalyzed by the NA-degrading effectors,
which, in turn, destroy the unmodified foreign DNA. The CRISPR-Cas
machinery processes the invading NA and inserts their fragments into the
CRISPR array as a part of the host genome®®. After CRISPR array is expressed
and processed, mature guide RNA (gRNA) is produced. The CRISPR-Cas
machinery then uses these gRNAs for the recognition of exogenous NA,
which, if successful, triggers an immune response. In Type I, II and V
CRISPR-Cas systems, the respective effectors are activated directly®’,
whereasin Type III systems, signaling cyclic oligoadenylate molecules, which
are produced during the target recognition, act as mediators essential for the
effector activation’!. NA fragments serve as guides for pAgos in search of
complementary NA. Target recognition and binding by pAgos result in the
activation of various effector domains or proteins that lead to cell death due to
their cytotoxicity”>”.

Alternatively, some bacterial defense systems directly sense the host cell
machinery-produced phage proteins®(Fig. 2B). Before the infecting phage
completes its cycle, in some cases, premature cell lysis can occur because of
ADbiZ protein acting in tandem with the phage-encoded lysins or holins'®. The
RexAB system is comprised of two main components — RexA protein
responsible for sensing the phage infection and the toxic effector RexB. The
latter is an ion channel which can be activated by the RexA protein upon
bacteriophage entering the cell, thus triggering cell death'’'. Serine-threonine
kinase Stk2 can be activated by the phage protein PacK to initiate a
phosphorylation cascade leading to cell death!%?. In the CapRel TA system,
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the toxin domain persists in the inhibitory state until the antitoxin domain
binds to the capsid protein of the attacking phage. Upon activation, the toxin



domain phosphorylates transfer RNA and promotes translational arrest within
the cell'®. DSR2 proteins possess the nicotinamide adenine dinucleotide
(NAD")-degrading activity which is triggered by the phage tail tube protein.
The resultant NAD" depletion eventually leads the cell to Abi'*. The phage
encoded protein Ocr acts as an inhibitor of RM and bacteriophage exclusion
defense systems. Nonetheless, phage anti-restriction-induced system (PARIS)
is capable of sensing this Ocr protein and mediates the progression of Abi in
such case'®. Sensor domain of Avs systems enables the recognition of phage
proteins’ conserved structural features through a direct binding. Then, the
activation of various types of effector domains occurs!'%.

There are quite a few of defense systems that monitor the integrity of the
bacterial cell machinery and detect the changes in the host cell, when its
machinery is hijacked by the invading phage for the selfish production of
various viral components*(Fig. 2C). In the unaffected host cell, PrrC protein
is bound to a particular restriction enzyme and, therefore, is unable to perform
its function. During phage infection, PrrC is released from this inhibitory state
after the phage-encoded anti-restriction protein Stp binds to the same
restriction enzyme. The activated PrrC cleaves the cellular tRNA, thus
disrupting both the protein synthesis and the phage infection cycle'?”-1%. The
reserves of the labile RNA antitoxin of Type III TA system ToxIN are
depleted upon phage-induced transcriptional repression in the bacterial host.
Such system’s toxic effector then becomes functional and non-specifically
cleaves the cellular RNA, hereby facilitating Abi of the compromised host!?”.
Type II RnlAB system consists of the toxin RnlA and unstable antitoxin
RnlB. Phage infection causes degradation of RnlB and, in turn, the system’s
non specific RNase, RnlA, is activated!!’. Retron Ec48 can be activated due
to inhibition of the bacterial RecBCD complex in the phage-infected cells'!".
Such sensing of phage infection results in the recruitment of toxic effectors
that mediate the Abi process. The same downstream cellular response occurs
when the retrotransposon Sen2 is activated during phage invasion. In this
case, a modification of the synthesis of Sen2 multicopy single-stranded DNA
(ssDNA) is responsible for the activation of this retrotransposon''2. Under
equilibrium conditions, RNA antitoxin inhibits the deoxycytidine
triphosphate (dCTP) deaminase which is the toxic effector operating in the
AvcID TA system. The ongoing phage infection terminates the synthesis of
the labile RNA antitoxin, re-enabling the activity of dCTP deaminase. While
active, this enzymatic toxin converts dCTP into deoxyuridine
monophosphate and, over time, depletes the nucleotide reserves of the host
cell''®. Phage-triggered
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transcriptional repression drives the deoxyguanosine triphosphatase into the
active state, in which it catalyzes the conversion of deoxyguanosine



triphosphate to deoxyguanosine. This, as well, results in the total depletion of
nucleotide reserves of bacterium''.

The remaining group of bacterial defense systems sense viral infection
through other mechanisms that considerably differ from each other (Fig. 2D).
In the pyrimidine cyclase system for antiphage resistance (PYCSAR),
oligonucleotide cyclases start to produce signaling molecules when the host
cell faces phage infection. Various immune effectors are then activated by
these molecules, thus facilitating the progression of Abi response'"”. Cyclic
oligonucleotide-based antiphage signaling system (CBASS) operates in an
analogous manner when dealing with bacteria-infecting viruses''®. Two
proteins, ThsA with a characteristic NAD-degrading activity and Toll
interleukin receptor (TIR) domain-containing ThsB, make up the defensive
core of Thoeris system. The sensing of the phage infection is performed by
ThsB, which initiates the production of signaling molecules if the host cell is
under attack. Signal-activated ThsA depletes the cellular NAD ‘reserves and
forces the bacterium to undergo Abi'!’. In the DarTG TA system, the phage
activated toxin DarT inhibits viral replication by ribosylating adenosine
diphosphate of the phage DNA!'®. During phage infection, the associated
caspase-like proteases cleave the inhibitory C-terminal domain of bacterial
gasdermin (bGSDM) system proteins, thus releasing them from the auto
inhibition state. Thisinduces the formation of large pores in the cell
membrane and ultimately results in cell death!'®. Prokaryotic Viperin proteins
convert nucleotide triphosphates into their 3'-deoxy-3',4'-didehydro analogs,
which inhibit virus transcription in presence of phage invasion. It is likely
that, when incorporated into the nascent chains of viral RNA, these modified
nucleotides terminate further chain synthesis'?’. Members of Streptomyces
genus produce secondary metabolites, such as DNA intercalators
doxorubicin and daunorubicin'?', as well as certain antibiotics of
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aminoglycoside class <, which exhibit antiphage activity.
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Figure 2. Mechanistic variety of bacterial defense systems. (A) Systems based on nucleic
acid detection. (B) Systems based on sensing of phage proteins. (C) Systems based on
monitoring of the host cell machinery’s integrity. (D) Systems based on other mechanisms
of protection initiation. Reproduced and modified from Georjon and Bernheim®.

1.4. Restriction-modification systems

RM systems are based on “self” discrimination from “non-self” and target
the cell-invading NA depending on their epigenetic modifications>. RM
modules typically consist of two enzymes — REase and methyltransferase
(MTase) — both acting as antagonistic components. REase recognizes a
specific DNA sequence and introduces a double-stranded break within or
adjacent to it. In contrast, MTase ensures protection of this REase recognition
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site by modifying the same DNA sequence with methyl groups. Such a
characteristic methylation profile maintains the overall integrity of the host



cell genome, whereasthe methylation pattern-lacking foreign DNA undergoes
endonucleolytic cleavage’. RM systems exhibit large diversity'>® and are
found in more than 95% of sequenced bacterial and archaeal genomes'**. Due
to high biotechnological value of restriction enzymes altogether, most RM
systems have been already studied and fully characterized over the years®>.

MTases catalyze the transfer of methyl group from S-adenosyl-L
methionine (SAM) molecule to the eligible heterocyclic base in DNA!%,
Adenine and cytosine are the two targets for such chemical modification to
occur, converting these bases into 6-methyladenosine, 4-methylcytosine or 5-
methylcytosine, respectively'?®. Out of these three, 6-methyladenosine is the
most common methylation modification appearing in 75% of all identified
methylation cases in prokaryotes'?’. DNA methylation, in general, is a
widespread feature of prokaryotic genomes — it is detected in more than 90%
of studied species. Besides methylation, in some prokaryotic cells, the
defense against exogenous NA can be realized via other DNA
modifications®. For example, 7-deazapurine-introducing modification in the
host chromosome prevents transformation with unmodified plasmids'?®.
Alternatively, DNA phosphoribose backbone can be site-specifically
modified with phosphorothioate. In this case, the non-bridging oxygen is
replaced with sulfur'®. To incorporate sulfur into the DNA molecule, these
unique systems, such as DNA degradation (Dnd) system or ssDNA
phosphorothioate (Ssp) modification system, typically use different
pathways®>!30.

RM systems are classified into four types (I-IV) depending on subunit
composition and such biochemical characteristics as protein structure,
recognition of restriction sites, cofactor requirements and substrate
specificity'®! (Table 1). Based on the evolutionary relatedness of system’s
components, Type I systems are further divided into five families: A, B, C, D
and E'*?. The basis for finer classification of Type II systems is different and
relies on the particular enzymatic behavior of REases. Currently, there are
eleven subtypes of Type Il RM systems: A, B, C, E, F, G, H, M, P, S and T'**.
This nomenclature is not absolute, since a single enzyme may exhibit several
defining properties characteristic of distinct groups. One of the most extreme
examples is Begl protein that belongs to at least four different subtypes of
Type II REases (A, B, C and H)'*%.

Over time, phages developed various anti-restriction strategies to bypass
the defensive barriers of orthodox RM systems®*. For instance, instead of a
standard cytosine base, the genome of bacteriophage T4 contains o and
glucosylated 5-hydroxymethylcytosines, which confer resistance to any
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restriction enzyme responsible for non-methylated or even methylated DNA

degradation in the host cell'*>. To ensure the host cell protection against this



modified DNA of foreign nature, some bacterial RM systems have evolved
into such unique types as Type IIM and Type IV, which specifically target and
cleave DNA molecules bearing methyl group only or methyl group
additionally modified with other moieties, respectively'3.
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Table 1. Com 2garlson of dlfferent restriction-modification systems. Table prepared
according to!?>133:137-



Type Characteristic features* Examp
Typel * Pentameric complex (2R2MS) acts as REase. * Mg*" IE;OAI;I’
Al
ions, SAM and adenosine triphosphate (ATP) are required StySPI
for cleavage of non-methylated DNA.
* Recognition sequence is bipartite and asymmetric. *
Cleavage is variable and typically occurs far from the
recognition site.
* “DEAD-box‘ REase — DNA cleavage is preceded by
ATP-dependent DNA translocation.
* Functional MTase can be of heterodimeric (MS) or
heterotrimeric (2MS) form.
Ty?e 1P * REase is a homodimer (2R). EcoRI |
(Palindrom BamHI
ic * Only Mg2+ ions are required for non-methylated DNA
recognitio
cleavage.
n
sequence) * Recognition sequence is palindromic.
* Cleavage is defined and occurs within or adjacent to the
recognition site.
* The cut DNA product may have 3 overhangs,
5¢ overhangs or blunt ends.
* MTase is a monomer (M).
31
Type Characteristic features* Examp




Type IIA o . . FoklI, A
* Recognition sequence is asymmetric.
(Asymmet Hphl
ric * RM systems of this subtype typically consist of one
recognitio
n REase and two MTases.

sequence) * Two methylation enzymes are needed to modify each

strand of the asymmetric recognition site.

Type HB * Cleavage occurs on both sides of the recognition Begl,
(Both side Bst441,
cleavage) sequence. BsaX]

* The two sides of target are cleaved on both DNA strands.

Type HC * Recognition sequence can be either symmetric or Gsul,
(Combined . HaelV,
REase and asymmetric. Begl

MTase) * Enzymes of this subtype exhibit a hybrid structure — a
single polypeptide is responsible both for REase and
MTase activities.

Type HE * REase can be of monomeric (R) or homodimeric (2R) Nael,
(allosteric AtuBI,

Effector form. Sau3Al

domains) « Mg*" ions and two targets are required for cleavage of

non-methylated DNA.
* Recognition sequence can be either palindromic or non
palindromic.
32
Type Characteristic features* Examp

* Cleavage is defined and occurs within the recognition

sequence or at a short distance from it.

* The second recognition site serves as an allosteric

effector by binding to REase in cis or in trans.




* MTase is a monomer (M).

Type IIF * REase is a homotetramer (4R). NgoMQY
(Four DNA Sfil, Ae
strand * Mg**ions and two recognition sites are required for non
hydrolysis) methylated DNA cleavage.
* Recognition sequence can be either full or interrupted
palindrome.
* Cleavage occurs in a concerted reaction within both
targets, is defined and may result in 3° or 5 overhangs. ¢
MTase is a monomer (M).
Type lIG * DNA-cleavage domain (REase) and gamma-class Eco57I,
(Gamma Mmel, B
class DNA DNA-methylation domain (MTase) are located on the
methylati same polypeptide chain (RM).
on * Mg2+ ions and SAM cofactor are required for cleavage of
domain)
non-methylated DNA.
* Recognition sequence can be either symmetric or
asymmetric.
33
Type Characteristic features™* Examp

* Cleavage is defined and occurs at a short distance from

the recognition site.

* Systems of this subtype also contain a separate monomeric

MTase, since the coupled RM polypeptide only
methylates one DNA strand.




Type I,IH * Recognition sequence can be either symmetric or Ahdl, B
(Hybrid) PshAI
asymmetric.
* Overall gene structure, as well as MTase
organization, are similar to Type I RM systems.
* MTase subunits M and S are separate and usually act as a
tetrameric complex (2M2S).
Type IIM * REase is a homodimer (2R). Dpnl, G
(Methylat
ed * Only Mg2+ ions are required as a cofactor for DNA
recognitio
cleavage.
n
sequence) * For DNA cleavage to occur, recognition site must be
methylated.
* Recognition sequence can be either palindromic or non
palindromic.
* MTase is absent in this subtype of Type II RM systems.
34
Type Characteristic features™* Examp
Typ .e IS * REase may be of monomeric (R) or homodimeric (2R) BAil, Mr
(Shifted SfaNI
cleavage) form.

* Only Mg?" ions are required for the cleavage of non
methylated DNA.

* In some exceptions, DNA cleavage is completely metal

ion independent.

* Recognition sequence is asymmetric.

* Cleavage occurs at fixed positions usually outside of the

recognition site and is shifted to one side of the
sequence.




* RM systems of this subtype can contain one or two

separate MTases, all of them as monomers (M).

Type HT * REase can be of heterodimeric (af) or Bpul0l,
(heterodim
er heterotetrameric (202p) form.

composed * Only Mg?* ions are required for non-methylated DNA

of Two cleavage

different ge-
subunits) * Recognition sequence may be either symmetric or

asymmetric.
* Cleavage is defined, occurs within the recognition site or
at a short distance from it and results in 3° overhangs.
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Type Characteristic features* Examp

* RM systems of this subtype can contain one or two

separate MTases, all of them as monomers (M).




Type IIT

* Combined complex (R2M or 2R2M) acts as REase. *

Mg*"ions, ATP and two targets located in an inverse
orientation are required for the cleavage of non methylated
DNA.

* Recognition sequence is non-palindromic.

* Cleavage occurs at a fixed position — approximately 25 bp
away from one of the two recognition sites.

* “DEAD-box* REase — DNA cleavage is preceded by
ATP-dependent DNA translocation.

* MTase can function independently of REase (2M or

2M2R), only methylates adenines on one strand of DNA,
i.e., only performs hemimethylation.

EcoP15!
EcoP1I,
StyLTI

Type IV

* REase is dependent on DNA methylation and cuts only

modified DNA, containing methylated,
hydroxymethylated  or glucosyl-hydroxymethylated
bases.

* In some cases, e.g., in E. coli McrBC restriction system,

guanosine triphosphate is required for DNA cleavage.

McrBC, 1
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Type

Characteristic features*®

Examp

* Cleavage is variable and occurs outside of the

recognition sequence.

* These RM systems exhibit a rather large variety in

different types and proteins, which are usually unpaired
and unrelated.

*For each different subtype of Type II restriction-modification systems, the
group defining feature is underlined and marked in bold. Notation meaning:
R — restriction subunit, M — modification subunit, S — specificity subunit.



**The up and down arrows indicate the exact DNA cleavage positions in
the given example recognition sequences. Notation meaning: R — purine, Y
— pyrimidine.
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1.5.Structure and mechanisms of Bfil restriction endonuclease

Bfil protein, isolated from Bacillus firmus S8120 strain, belongs to Type
IIS REases and binds asymmetric hexanucleotide recognition sequence 5’-
ACTGGG-3". This restriction enzyme catalyzes DNA cleavage 5 (on the top
strand) and 4 (on the bottom strand) nucleotides downstream of the
recognition site, thus producing a single base 3° overhang'*. Type II REases
generally require Mg”* ions as an essential cofactor for cutting the bound DNA
molecule. Other divalent cations, such as Mn?*, Co?*, Zn**, Ni*" or Cu?*, can
serve as a replacement for Mg?" ions in the active sites of some REases'*!.
Certain restriction enzymes, like Pacl or Notl, are fully operational only in the
presence of Zn>" or Fe*" ions, respectively'*>!*3. In most cases, DNA
hydrolysis is completely inhibited by Ca®" ions'*. Given the wide variety of
divalent cations that different Type Il REases use for catalysis, Bfil is a clear
exception amongst the other members of this family. To perform DNA
cleavage, neither Mg?" ions, nor any other divalent cations are necessary to
Bfil REase'*’. Such a complete independence from metal ions as core catalytic
components is characteristic of only few other restriction enzymes, e.g.,
Bmrl'“¢ and PabI'¥.

The N-terminal domain of Bfil shows a high degree of structural
similarity to the Salmonella typhimurium non-specific endonuclease Nuc,
which belongs to the PLD superfamily'*®. All enzymes of the PLD
superfamily contain two copies of HXK, a conserved sequence motif, and use
a two-step metal-independent mechanism to hydrolyze the phosphodiester
bonds in the bound DNA molecule'*™'>!. The His residues of the two HXK

motifs are crucial for the catalytic activity of PLD enzymes'>*!*. Both



monomers of Bfil REase dimer possess a single HXK motif. These two copies
of HXK motif contribute to the single active site of Bfil situated at the subunit
interface. There are two identical 2-fold symmetry-related histidines, one from
each subunit, present in the catalytic center of this restriction enzyme**!*3. In
the proposed mechanism for Bfil-catalyzed DNA cleavage®® (Fig. 3A), the
first reaction step involves attack on the scissile phosphodiester bond by the
His105 residue from subunit A. This generates a covalent intermediate with
the 5’-terminal phosphate. In the meantime, protonation of the 3’-leaving
group hydroxyl occurs, with the main role in this stabilization process
belonging to the B subunit-situated H105 residue. The second reaction step
involves hydrolysis of the covalent phosphohistidine intermediate performed
by a water molecule. The H105 from subunit B can subtract a proton from the
water molecule, thus facilitating the reaction. Resolving of the covalent
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intermediate ultimately results in the release of His105 of subunit A, as well
as the cleaved DNA bearing a 5’-phosphate®. In contrast, the active site of
Type II metal-dependent REases usually contains one or two divalent cations.
One of them always occupies the same position in the catalytic center of the
restriction enzyme and is likely responsible for the transition state stabilization
achieved by neutralizing the accumulation of negative charge on the
phosphorus. If present, the second divalent cation shows rather variable
positioning, although it tends to reside near the 3’-leaving group'**. For
example, molecular dynamics simulation-based studies of EcoRV REase
suggest that the second Mg?* ion plays a key role in the formation of a tightly
bound protein-DNA complex and aids in stabilizing a distorted DNA
conformation'>*. The proposed one-metal-ion mechanism of catalytic action
of EcoRV also indicates the activity-regulating role of the second metal ion,
whereas the first metal ion essentially activates a water molecule, involved in
the leaving group protonation, and thus directly contributes to the DNA
cleavage reaction'*>"7,
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Figure 3. Molecular and structural mechanisms of Bfil restriction endonuclease (REase).
(A) Hypothetical reaction mechanism of Bfil-catalyzed DNA cleavage. HI105:A and
H105:B stand for histidine residue at position 105 from subunits A and B, respectively.
Adapted from Sasnauskas ez al.>®. (B) Crystal structure of Bfil REase homodimer. The
two N-terminal domains are colored in light and dark blue, C

terminal DNA-binding domains in light and dark red, N- and C-terminal domains
connecting linkers in yellow and active site residues of the dimeric catalytic core in
green. Adapted from Grazulis et al.'*®. (C) A model explaining the orientation-related
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changes of the single Bfil active site engaged in the cleavage of both bottom and top
strands of DNA. The primary and the secondary subunits of the Bfil homodimer are
indicated as 1° and 2°, respectively. Adapted from Sasnauskas et al.>.

In solution, Bfil REase forms a dimer that is capable of binding two
copies of its recognition sequence. Bfil interaction with DNA can occur in cis
if both protein recognition sites are present on the same DNA molecule, or in
trans, when Bfil targets are located on the two separate molecules of DNA*!,
A single polypeptide chain of Bfil contains N-terminal phospholipase D
(PLD)-like catalytic domain and C-terminal DBD (Fig. 3B). Two isolated N
terminal domains of Bfil act as non-specific nuclease'*®. The C-terminal
domain of this restriction enzyme is structurally highly similar to the N
terminal effector domain of Mg**-dependent Type IIE REase EcoRII and B3
DBD of plant transcription factors. Since they all share a common structural
fold, which is classified as the DNA-binding pseudobarrel, Bfil protein C
terminal domain is attributed to the B3-like domain family'>®. The
functionally active Bfil homodimer is formed by the two directly contacting
N-terminal domains, which make a catalytic core flanked by C-terminal



domains. The DBDs do not contact each other, as they are situated on the
opposite sides of the dimeric core. However, the same single C-terminal
domain makes contacts with both N-terminal domains of Bfil, thereby
contributing to the protein’s interdomain interface. In the monomer of Bfil
REase, N-terminal and C terminal domains are connected via a peptide
linker, which mostly adopts an extended conformation. This interdomain
linker contains 28 amino acid residues, of which the negatively charged Asp
and Glu residues are abundant, and runs across the putative DNA-binding
surface at the N-terminal catalytic domain, thus serving as an important
component for sterical surface occlusion'*®,

Experiments performed with the engineered N9C/S333C double mutant
of Bfil REase and a small artificial phosphodiester substrate bis(p nitrophenyl)
phosphate have provided valuable mechanistic insights into Bfil catalytic
activity control'®. In the established model, the active site of Bfil is
inaccessible to DNA due to the physical blockage created by the interdomain
peptide linker. When the cognate DNA is missing, this restriction enzyme
resides in the closed state. DNA cleavage is unable to occur in such state, but
hydrolysis of bis(p-nitrophenyl) phosphate can still take place, indicating that
the active site is functionally predisposed for cleavage. Cognate DNA
binding to the C-terminal domain of Bfil dislodges the interdomain linker
and the entrance to the active site positioned at the two-contacting N-
terminal domains becomes available. This means that, upon binding to its
recognition sequence,
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Bfil REase undergoes a substantial conformational change and transitions
from the closed to the open state. The latter is catalytically competent and
engages in a site-specific cleavage of DNA. In comparison, the fully cross
linked Bfil variant, in which the N-terminal and C-terminal domains of both
protein subunits are covalently tied to each other via a disulfide bridge,
remains “locked” in the closed, DNA hydrolysis-incapable state even after
binding to cognate DNA. Therefore, the intrasteric, active site-directed
inhibition is the underlying mechanism of the catalytic activity regulation of
Bfil restriction enzyme'™.

Bfil catalyzed cleavage of one recognition site-containing plasmid DNA
is slower than the cutting of two-sites plasmid, indicating that single
recognition sequence-bound Bfil displays low enzymatic activity. The DNA
cleavage activity is maximized after this REase concurrently binds to two
copies of its recognition sequence*!. The active site is situated in the
intersubunit cleft of Bfil and there is only one active site present per protein
homodimer!*3. The cleavage of the two DNA strands occurs sequentially
rather than both at the same time — Bfil REase initially cuts the bottom strand



of DNA and then proceeds with the cleavage of the top DNA strand (Fig. 3C).
Low pH conditions selectively block Bfil from cutting the top strand and force
it into a nicking enzyme “state”, which is capable of cleaving the bottom strand
only®. Truncated Bfil heterodimers, lacking the DBD in one of the subunits,
were generated and used to elucidate the molecular mechanism for Bfil-
catalyzed cleavage of dsDNA*’. The target phosphodiester bonds of the
bottom and top strands are attacked one by one by the H105 residue located on
the DNA-free subunit of Bfil. In both hydrolysis reactions, the proton
donor/acceptor role is adopted likely by the equivalent His from the subunit
that is bound to the recognition sequence. In such a scenario, a 180° rotation
of the protein’s active site must take place in between the two successive
reactions to match the anti-parallel polarity of both DNA strands. It is possible
that, when a wild-type (WT) Bfil homodimer is bound to two copies of its
recognition sequence, these two catalytic-center H105 residues from
individual subunits switch roles during the cleavage of both DNA target sites.
However, it is certain that Bfil REase always uses histidine of one specific
subunit to perform scission of the bottom and top DNA strands at each
recognition site®”. In contrast, most dsSDNA-cleaving nucleases are comprised
of two identical subunits related by rotational symmetry. In this case, the two
active sites of such nuclease homodimer are arranged so that one from the first
subunit attacks the particular DNA strand, while the other catalytic center of
the second subunit, which is oriented oppositely, acts on the remaining strand
of DNA'®.
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Although a complete biochemical and structural characterization of Bfil
has been already done, till now there has been published only one SM-level
study, in which this REase was used solely for the validation of a novel DNA
Curtains platform'®!. Therefore, the dynamic information about the interplay
between Bfil and DNA is still lacking. Addressing this knowledge gap would
provide better mechanistic insights into the unique properties characteristic to
Bfil, as well as broaden the fundamental understanding about proteins with
two DNA-binding domains in general. It has been shown that such
proteins® transient in cis and in trans interactions with two target sites often
play a considerable role in target search'®*"'_ Also, these interactions are a
key factor in many cellular processes, such as transcriptional regulation'® and

DNA transposition'®®,

1.6.CRISPR-Cas systems

CRISPR-Cas systems belong to the adaptive immunity of prokaryotes
and are capable of retaining memory of past infections. Repeatedly exposed to
the same infectious agent, these defense systems deploy RNA-guided



nucleases that neutralize phages, plasmids and other MGEs in a sequence
specific manner’®. CRISPR-Cas modules are encoded in the genomes of
bacteria and archaea. This so-called CRISPR locus consists of CRISPR array
and various cas genes located next to this array. The CRISPR array itself is
composed of short direct repeats separated by short variable DNA sequences
called spacers®*. CRISPR loci are found in 42% of bacterial and 85% of
archaeal genomes, as well as in some bacteriophages and other MGEs®’.
Three main stages — adaptation, expression and interference — are the
cornerstones of CRISPR-Cas-based cellular protection. During the adaptation
stage, a dedicated Cas protein complex usually at first recognizes a specific
short motif called the protospacer-adjacent motif (PAM). The adaptation
complex then binds to the target DNA, cuts a certain fragment out of this
DNA - the so-called protospacer — and inserts it into the CRISPR array,
where the protospacer becomes a spacer. For spacer integration to occur, the
repeat at the 5> end of the CRISPR array must be already duplicated'®”18, In
all adaptation mechanisms known to date, Casl and Cas2 proteins are
required for capturing the protospacer and catalytically inserting it into the
CRISPR array'®. Uniquely, in Type III CRISPR-Cas systems, RNA-derived
spacer integration can also occur, as these systems contain reverse
transcriptase-Cas1 fusion proteins!”.

During the expression stage, CRISPR array is transcribed into a single
long transcript termed pre-CRISPR RNA (pre-crRNA). Transcription

42

typically occurs from a promoter located in the leader region upstream of the
CRISPR array. The synthesized pre-crRNA is then processed into mature
CRISPR RNA (crRNA) molecules'®’. In general, two fundamental features
are characteristic of any mature crRNA molecule: (1) a constant palindromic
sequence derived from the repeats of the CRISPR array and (2) a variable
sequence derived from the spacers of this array. The latter is complementary
to the foreign NA invading the cell and is crucial for the downstream CRISPR
Cas immune response'’'~'73. Largely the Cas5d or Cas6 endoribonuclease
performs the processing of pre-crRNA in Type I and III CRISPR-Cas systems.
In most Type I systems, the resultant crRNA molecules are safe from the
cellular ribonucleases (RNases) because, after processing, Cas6 remains
bound to the crRNA. Such Cas6:crRNA complex is afterwards incorporated
into the surveillance complex, a large multiprotein formation. In Type III
systems, the leftover hairpin of the crRNA is removed during the second
cleavage step, after which the Cas6 protein releases this fully matured
crRNA7174,

In Type II, V and VI CRISPR-Cas systems, the same cellular machinery
that is responsible for defensive functions also participates in crRNA
processing, since all CRISPR-Cas systems of Class 2 lack factors dedicated for



the maturation of crRNA. The pre-crRNA can have certain features, like 5°-
overhangs or pseudoknots, which are recognized and specifically cleaved by
V-A subtype and Type VI systems. Type II and V-B subtype systems, in
contrast, employ a second RNA molecule called trans-activating CRISPR
RNA (tracrRNA). By annealing to the fixed region of the pre-crRNA, it acts
as an intermediate between the nascent crRNA and the Cas9 or Casl2b
effector. The CRISPR-Cas9 system of Streptococcus pyogenes additionally
relies on the host cell RNases, namely RNase III, to process the formed pre
crRNA:tracrRNA complex administered by the Cas9 protein®”!%*175. The
interference stage begins from the formation of a ribonucleoprotein complex,
after the matured crRNA is loaded onto Cas proteins. Guided by the crRNA,
this complex scans all available NA for sequence complementarity in the
host cell cytosol. When the invading NA is encountered, its base pairing

with the interrogative crRNA spacer sequence takes place and, if successful,
the recognized target NA is cleaved. In Type II, III, V and VI CRISPR-Cas
systems, the crRNA molecule is loaded onto the Cas nuclease, which is itself
capable of cleaving within the target sequence or near it. The cleavage
mechanism in Type I systems differs from the rest, as here the crRNA
molecule is included into the nuclease activity-deficient Cascade complex.
Once this crRNA-guided complex locates the target, it recruits the
helicase/nuclease Cas3 for DNA cleavage in the vicinity of the target
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sequence'®. Most CRISPR-Cas systems are being repurposed as genome
editing tools*!”® due to a high precision and programmable sequence-specific
cleavage of target NA, the two unique attributes characteristic of CRISPR-Cas
adaptive immunity'"!"8,

There is a variation in the main substrates of different Cas nucleases. In
Type I, II and V systems, the corresponding Cas proteins recognize dsDNA
through the formation of an R-loop — a triple-stranded NA structure composed
of a target DNA:crRNA hybrid and displaced non-complementary DNA
strand”’. The prokaryotic cell invaders typically produce RNA transcripts in
the host before propagating further. These RNA molecules are detected by
Type III and VI CRISPR-Cas systems via the complementary base pairing of
crRNA with the target transcript’’. This, in turn, activates diverse non-specific
nucleases, e.g., deoxyribonuclease activity of the Cas10 subunit characteristic
of Type III CRISPR-Cas effector complex. In addition to the non-specific
degradation of the template DNA performed by the activated Cas10 protein,
ATP conversion into cyclic oligoadenylates also begins. This is catalyzed by
the activated Palm domain of the Cas10 subunit. Cyclic oligoadenylates act as
secondary signaling molecules that bind to the non-specific RNases
Csm6/Csx1. Upon activation, these enzymes induce host growth arrest, thus
helping the CRISPR-Cas defense system to battle the threat’!. Recognition of



the target RNA molecule by the ribonucleoprotein complex of Type VI
systems activates the non-specific RNase activity of Cas13 protein. Similarly,
this as well drives the host cell into a quiescent state that prevents the further
spreading of the infection'””. To prevent the host cell of possible self
destruction, these both CRISPR-Cas system types ensure that the target RNA
would be cleaved shortly after its recognition, thereby shutting off the activity
of non-specific nucleases'®®.

To avoid self-targeting of the host cell, adaptive immunity-defining
CRISPR-Cas systems must distinguish between self and non-self NA'®.
Different types of CRISPR-Cas systems exhibit distinct key features ensuring
that only the intruder would be targeted and destroyed. Type I, II and V
systems make use of the PAM sequence — a DNA motif that flanks the
complementary RNA-DNA region. Alternatively, Type VI systems benefit
from an RNA motif called the protospacer flanking sequence that is present in
the target RNA molecule. In Type III systems, the complementarity between
the 5'-end of crRNA and the 3'-end of the target RNA is lacking'*’.

Currently, 2 classes, 7 types and 46 subtypes of CRISPR-Cas systems are
181 CRISPR-Cas systems are divided into two classes based on
architecture of the effector modules involved in the crRNA biogenesis and
interference steps'®’. Multiple different proteins make up the effector
modules

known
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of Class I systems. The formed multisubunit crRNA-binding complexes, such
as the Cascade complex in Type I systems, perform the processing of pre
crRNA and execute the invading-target interference with the assistance of
ancillary Cas proteins. In contrast, Class 2 systems solely rely on a single,
multidomain crRNA-binding protein, e.g., Cas9 in Type II systems, for
fulfilling these interference and, in most cases, pre-crRNA processing tasks'®>.
The classification of CRISPR-Cas systems is also related to the classification
of cas genes, with more than 13 major families of these genes known to
date'®!. Differences in the composition of cas genes, as well as in the
sequences and structures of Cas proteins, determine the further classification
of CRISPR-Cas systems into the corresponding types and subtypes.
Alternatively, CRISPR-Cas systems can be grouped based on the distinct
structural and sequence peculiarities of the repeats themselves'®*184,

Types I, 111, IV and VII belong to Class I CRISPR-Cas systems'®!. These
systems account for ~90% of all CRISPR loci found in bacterial and archaeal
genomes>*. The effector complexes of Class 1 systems share a a common
organization, suggesting their collective origin. Numerous paralogous proteins
from the Cas5 and Cas7 families form the backbone of Class 1 effector
complexes. Derived variants of the RNA recognition motif domain are
characteristic of these two families. The third family of such domain



containing Cas proteins, namely Cas6, includes separate RNases responsible
for pre-ctrRNA processing in most Class 1 systems. Additionally, two
homologous proteins — the large (Cas8 and Casl0 in Type I and Type III,
respectively) and small (Casl1 in both types) subunits — constitute the effector
complexes of Class 1 ', Type I effector modules are additionally reinforced
by another, usually separate component — Cas3 protein (Fig. 4A). It is crucial
for target DNA cleavage, since the fused helicase and HD nuclease domains
are often situated within this large enzyme. In Type III systems, the HD
nuclease is fused to the effector complex’s large subunit Cas10 and catalyzes
the transcription-dependent cleavage of DNA'®’ (Fig. 4B). Similar
interference-ensuring nucleases are absent in Type IV CRISPR-Cas systems,
which effector complex is typically composed of Cas5, Cas6 and Cas8
subunits (one copy of each) and multiple copies of Cas7 protein'®® (Fig. 4C).
Type IV systems, however, feature a signature CRISPR-associated protein
DinG, which is an ATP-dependent 5°-3° dsDNA and RNA/DNA hybrid
helicase involved in transcriptional interference'®’.
Class 2 CRISPR-Cas systems include Types II, V and VI, and constitute
nearly 10% of all CRISPR-Cas systems identified in bacteria'®!. In archaea,
however, the Class 2 systems are extremely rare'®. Out of these three types,
Type II systems are predominant in bacteria'®’. The effector protein of Type
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II systems is Cas9 endonuclease!®’ (Fig. 4D). This enzyme is composed of the
recognition (REC) lobe, which participates in target binding, and the nuclease
(NUC) lobe, which contains two nuclease domains — HNH and RuvC'®®. When
Cas9 engages in target DNA cleavage, target and non-target strands of the
bound DNA molecule are cleaved by the HNH and RuvC nuclease domains,
respectively!”’. Type V systems encode the large effector protein Cas12'%
(Fig. 4E). In contrast to Cas9-mediated cleavage, Cas12 cleaves both strands
of the target DNA in quick succession, since this enzyme only has a single
conserved RuvC nuclease domain, while the HNH domain is lacking'®’.
Successful target DNA cleavage by Cas9 and Cas12 proteins generally results
in double-stranded breaks with blunt and staggered ends, respectively'*’.
Additionally, Cas12 exhibits a trans-cleavage activity that causes non-specific
degradation of the surrounding ssDNA molecules'®!. Casl3 protein is the
effector of Type VI systems which exclusively target RNA'®* (Fig. 4F). Being
unrelated to the effectors of Type Il and Type V CRISPR-Cas systems, Cas13
functions via its two HEPN RNase domains'®?. Transcripts of the invading
DNA genomes, as well as RNA phages, are the primary targets of Cas13-
mediated immunity'®*. Upon target RNA recognition, collateral non-specific
RNase activity of Cas13 protein is activated, thus providing an additional
layer of cellular protection due to induced dormancy in virus-infected

bacteria!”’.
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Figure 4. Classification of CRISPR-Cas systems and schematic structural composition of
each system’s signature interference complex with its primary and secondary functions.
DNA is depicted in blue, CRISPR RNA in red, trans-activating CRISPR RNA in black
and target or non-specifically cleaved RNA in purple. The legacy names of most proteins
are indicated in parentheses. PAM — protospacer adjacent motif, PFS — protospacer
flanking site. (A) Type I-E Cascade complex from Escherichia coli. (B) Type III-B
interference complex from Pyrococcus furiosus. (C) Type IV-A1 CRISPR-Cas effector
complex from Aromatoleum aromaticum. (D) Cas9 is the single large effector protein of
Type IT CRISPR-Cas systems. (E) In Type V systems, the large single effector enzyme is
Casl2. (F) A single large protein Cas13 represents the effectors of Type VI CRISPR-Cas
systems. Reproduced and modified from Newsom ez al.'®.
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1.7.Structure and mechanisms of Type I CRISPR-Cas surveillance
complexes

Out of four types (Type I, III, IV and VII) that belong to Class 1 CRISPR Cas
systems, Type I systems exhibit the largest diversity and prevalence'®!.
Currently, 8 different subtypes of Type I CRISPR-Cas systems are known: A,
B, C,D, E, F1, F2 and G'*'. In all Type I systems, targeting of invading DNA
is performed by a multi-subunit crRNA-guided surveillance complex, which

is termed Cascade (CRISPR-associated complex for antiviral defense), and
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the subsequent degradation of the recognized foreign DNA is catalyzed by the
recruited trans-acting nuclease/helicase Cas3, a signature protein of such type



systems'**!%. The Type I-F CRISPR-Cas surveillance complex also has an
alternative legacy name — Csy (CRISPR subtype Ypest (Yersinia pestis))
complex, originally given after the discovered csy genes!**!7. Almost all
Type I systems possess two separate proteins, Cas2 and Cas3, which are
involved in the adaptation and interference stages of CRISPR-Cas immunity,
respectively!®*. The distinguishing feature of Type I-F systems is the fusion of
Cas2 and Cas3 into a single polypeptide — Cas2/3'%®. In the Type I-F1
CRISPR-Cas system from Pectobacterium atrosepticum, Casl and Cas2/3
proteins assemble into Casl4:Cas2/32 complex, in which the endonuclease
activity of Cas2/3 is suppressed by the Casl proteins'®’. Such complex is then
only capable of facilitating the spacer integration into CRISPR array'****. For
DNA cleavage to occur, the target-bound Type I-F1 surveillance complex
must activate the Cas2/3 fusion protein®”.

The structural architecture of the typical Type I Cascade complex
resembles a seahorse?’2. The “foot” is formed by the large subunit Cas8 and
Cas5 subunit which is positioned at the 5’ end of the crRNA. The crRNA
spacer region is surrounded by Cas7 subunits that assemble into a helical
filament, the so-called “backbone”. It is capped by the crRNA-bound (at the
3’ end) Cas6 subunit that forms the “head” of the Cascade complex, while
Casl1 subunits make up the “belly”!*>*%. The Type I-F Csy complex from
Pseudomonas aeruginosa shows a similar 3D structure. This complex is
composed of a single 60 nt-long crRNA molecule bound by four different Cas
proteins in an unequal stoichiometry manner
(Cas8f1:Cas5fi:Cas7f6:Cas6fi:crRNA1) and adopts an architecture of an
asymmetric spiral’**?%>, A crRNA-processing enzyme Cas6f is stably
associated with the 3’ end of the matured crRNA and caps one end of the
spiral, thus forming the so-called “head”. A heterodimer comprised of Cas5f
protein and N-terminal domain of Cas8f caps the other end of the spiral, i.e.,
the “tail”, which accommodates the 5’ end of the processed crRNA. The
“backbone” of the Csy complex is made up out of six Cas7f subunits that
oligomerize along the crRNA molecule’®**. However, the Cascade
complex’s small subunit, Casll, is absent in the Type I-F surveillance
complex'®. Casl1 is known to be involved in R-loop locking, where it
stabilizes the non-target strand of DNA?"". In Type I-F CRISPR-Cas systems,
this function of displaced DNA strand stabilization is taken over by a domain
within the Cas7f subunits'?®2%,

Based on comprehensive biochemical analysis and multiple experiments
in vivo, the DNA interference mechanism of Type I-F1 Cascade complex
from
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Aggregatibacter actinomycetemcomitans D7S-1 (Aa) was determined®®®. The
crRNA-bound Cascade complex initially scans the DNA for a complementary



target located next to the PAM sequence exhibiting promiscuity. Dinucleotides
5’-NC-3’ and 5’-CT-3’ can serve as the PAMs in this particular Aa-CRISPR-
Cas system. In Type I-E and Type I-F CRISPR-Cas systems, PAM recognition
is performed by the large subunit Cas8>***!°. After binding to the potential
target DNA, the Aa-Cascade complex initiates the formation of an R-loop.
Here, the basepairing between the spacer of the crRNA and the target strand
of the protospacer takes place, whereas the non-target strand of the protospacer
is displaced as a ssDNA. A DNA interference checkpoint then occurs, during
which the Cascade complex interrogates the length of the R loop. In the case
of 32 bp-long (WT length) or longer R-loop, DNA interference is switched
on, and the subsequent DNA cleavage is initiated.

This is executed by the helicase/nuclease Cas2/3 which docks to the non-target
strand of the R-loop and catalyzes a unidirectional degradation of DNA,
starting from the PAM-distal end of the R-loop and proceeding towards the
PAM sequence itself and beyond it. The DNA stretching downstream from the
protospacer is left intact during this directional degradation process. On the
contrary, if the length of the formed R-loop is 26 bp or shorter, DNA
interference remains inactive, thus preventing the following cleavage
initiation step. Such scenario can possibly happen when Aa-Cascade complex
encounters mismatches at the PAM-distal end of the potential target or this
complex is of truncated nature®®.

During the target search conducted by the Type I-E Cascade complex
from Escherichia coli, Cascade tends to instantly dissociate from the PAM
lacking DNA sites sampled through non-specific interactions. If the PAM
sequence is present, Cascade complex can initiate dSDNA unwinding for the
subsequent invasion of the crRNA strand. At the potential target with a fully
non-matching sequence, rapid dissociation of the bound Cascade occurs. At
the potential target with a partially matching sequence, the formation of an R
loop can commence in a directional manner, away from the PAM. When a
mismatch is encountered, the R-loop can undergo one of the three following
fates: (1) stall, (2) continue to form further or (3) promote the dissociation of
Cascade. In this case, the mismatch location and thermodynamic barrier
determine the exact outcome. At the potential target with a perfectly matching
sequence, the R-loop is able to form fully, which results in locking of the
Cascade complex via a highly stable interaction'®®.

To date, there is a rather limited number of studies that explore the target
search mechanisms of Type I CRISPR-Cas surveillance complexes at the SM
level. Using smFRET, real-time visualization of DNA search by the Type I-E
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Cascade complex was performed. It was shown that a random sampling of
dsDNA conducted by Cascade is driven by the short-lived non-specific
electrostatic contacts. They form between the dSDNA phosphate backbone and



two lysine-rich loops of the corresponding Cas7 subunits of the Cascade
complex. This study also revealed that the observed PAM searching-related
binding kinetics of Cascade fall into three main categories: (1) ~100 ms dwell
time, when the PAM sequence is absent, (2) ~1 s dwell time, when the PAM
sequences are present and their density is low and (3) >1 s dwell time, when
there is a high density of PAMs*. In another study, SMFM, namely total
internal reflection fluorescence (TIRF) imaging, was combined with magnetic
tweezers-based measurements to elucidate the target search mechanism of the
Cascade complex of Streptococcus thermophilus Type 1-E CRISPR-Cas
system. It was demonstrated that Cascade uses 3D diffusion for its non specific
binding to DNA and limited 1D diffusion in a random walk fashion for PAM
scanning. The Cascade complex interrogates each encountered PAM sequence
for ~0.5 ms. On average, it takes 80 ms until a full R-loop is formed in the
case of a productive 1D search event. In contrast, the average duration of non-
productive search events is ~150 ms, after which Cascade dissociates from the
DNA and continues the target search process via a 3D diffusion®.
Furthermore, the target search of Type I-E Cascade complex was directly
visualized in a native CRISPR-Cas system in vivo. Here, the abundance and
mobility of the Cascade complexes were monitored in living E. coli cells by
the means of a single-particle tracking photoactivated localization
microscopy. The findings of this study indicated that Cascade scans the entire
nucleoid region of a bacterial cell by interacting with DNA through PAM
dependent and PAM-independent strategies. Such search process is rapid (~30
ms dwell time), time-consuming (takes half of Cascade’s search time) and
driven by the complex’s PAM-interacting large subunit Cas8e. Upon target
identification, two temporal parameters — search time and critical time -
ultimately determine the outcome of CRISPR-Cas-mediated protection of the
host cell, which can result in either successful neutralization or further
propagation of the invader®. The two other studies employed DNA Curtains,
a defined high-throughput variation of the standard DNA flow-stretch
assays®!'!, to perform SM-level characterization of the Type I CRISPR-Cas
surveillance complex**, as well as primed acquisition complex?. The first
study reported that the Cascade complex from E. coli is able to use two distinct
pathways — a highly efficient PAM-dependent pathway and less efficient
PAM-independent pathway — for its target search**. The second study
concluded that Thermobifida fusca Cascade utilizes facilitated 1D diffusion to
rapidly scan the non-specific foreign DNA?®. Besides the target search process
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characteristic of Type I CRISPR-Cas surveillance complexes, other
molecular mechanisms of the RNA-guided Cascade complex and its
functional co partner Cas3 helicase/nuclease, such as R-loop formation®'? and
DNA unwinding®!"?, were also examined at the SM level by employing



magnetic

tweezers-based twisting and smFRET assays, respectively. Acr proteins act
against CRISPR-Cas systems and inhibit the activity of their effector
complexes®'®. AcrIF family proteins can perturb the interference stage of
CRISPR-Cas defense in many different ways: bind to the Cascade complex
and thus block target DNA binding sites?*®?!32!® enzymatically inactivate
the Cascade complex®'’, allosterically inhibit the cleavage initiation®'° or
DNA hydrolysis*'® 2%, However, it is yet unknown whether such a diverse
activity of AcrlF family proteins affects the target search mechanisms of
Type I-F CRISPR-Cas surveillance complex. Interestingly, due their
inhibiting properties, Acr proteins could be used as effective negative
regulators of CRISPR-Cas effector complexes since, while being out of
control, these complexes can cause unwanted genetic changes, which
generally limits their use in genome editing applications®?!. There are
multiple studies demonstrating the possible application of Type I CRISPR-
Cas systems as molecular tools for eukaryotic genome editing®** 2. To date,
there are still no in vitro SMFM-based studies of Type I Cascade that
characterize the target search process of this complex, which is interacting
with the corresponding Acr proteins. Precise kinetic information that is
typically obtained from such sort of studies could aid in optimizing the time
related parameters important in CRISPR-Cas-mediated genome engineering®.

1.8.Prokaryotic Argonaute proteins

Across all life domains, oligonucleotides, which usually are 15-30 nt in
length, serve as guides for Argonaute proteins (Agos), enabling their binding
to complementary target NA??®. Agos were originally discovered in
eukaryotes®?’. Eukaryotic Agos (eAgos) are essentially responsible for RNA
interference process — they form RNA-induced silencing complexes and use
small single-stranded RNA molecules to either directly cleave the target RNA
or recruit additional silencing proteins®?®. Therefore, in the cell, the functional
roles of eAgos are rather versatile, since these proteins are capable of: (1) post
transcriptionally regulating the gene expression, (2) protecting the host cell
from the invading RNA viruses and (3) reducing the transposon mobility, thus
maintaining the integrity of the host cell’s genome®”. In terms of structural
organization, all eAgos contain N-terminal, L1 (Linker 1), PAZ (PIWI

Argonaute-Zwille), L2 (Linker 2), MID (Middle) and PIWI (P-element 51

Induced Wimpy Testis) domains*®*!. Based on sequence and structural

features, two main clades of eAgos — eAGO and ePIWI — are identified
currently>2%>3,
Compared to eAgos, the homologous pAgos show much more diversity

in sequence and domain composition**?. Early studies reported that Agos are



found in ~30% and ~10% of all sequenced archaeal and bacterial genomes,
respectively®®?*. The genes of pAgos often reside in defense islands, where
they associate with the other prokaryotic defense-related genes of the host
cell”>*. Phylogeny-based classification of pAgos includes two major clades
of these proteins — long and short pAgos, which mostly differ in their structural
architecture?®?. Long pAgos are further divided into the long-A and long-B
clades, whereas four phylogenetic clades of short pAgos —S1A, S1B, S2A and
S2B — are known to date. Further subdivision of clade S2B short pAgos into
9 subclades (S2B-1 to S2B-9) is possible. Since not all short pAgos are
phylogenetically related, some other truncated pAgos are referred to as
pseudo-short pAgos. For example, the short pAgo from Sulfolobus islandicus
(SiAgo) and its homologs form a separate clade named the SiAgo-like
clade’”. Even more intriguing example is pAgo encoded by a
hyperthermophilic archaeon Archaeoglobus fulgidus®™®. 1t is phylogenetically
classified as a long-B pAgo, but its structural composition perfectly resembles
the one of short pAgos with only MID and catalytically inactive PIWI domains
present in the protein. Furthermore, recently it has been shown that this pAgo
forms a heterodimeric complex with a protein structurally equivalent to the N
L1-L2 domains of long pAgos, thus being highly reminiscent of a long PAZ
less pAgo™°.

The six structural domains of long pAgos — N-terminal, L1, PAZ, L2,
MID and PIWI — are highly reminiscent of eAgos’ domains. Both eAgos and
long pAgos exhibit a bilobal structure which is composed of N-PAZ and MID
PIWI lobes. The guide and target NA are typically situated between these two
lobes?. Being the least conserved, the N-terminal domain acts as a wedge and
participates in guide loading and target cleavage. During guide loading, it
facilitates the removal of the passenger strand. After the target undergoes
cleavage, this domain facilitates the release of target NA from the
protein®”?** The PAZ domain interacts with the 3’ end of the guide usually
in a sequence-aspecific manner®’. Thus, it both protects the guide from
degradation and holds the designated end of the guide during the target search
carried out by the Ago. When the protein encounters a complementary target
sequence, the 3’ end of the guide is released from the PAZ domain®*. This
enables a complete guide-target base-pairing, following which the Ago
undergoes conformational changes that trigger its endonuclease activity,
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ultimately resulting in target cleavage®*®***?*!. The MID domain forms a
charged binding pocket to anchor the 5’-phosphorylated guide?623°.
Specifically, in most pAgos, four conserved residues (Y/R, K, Q and K) and
a coordinated divalent cation are involved in the anchoring of the guide’s 5’-
phosphate group?>?*>, A hydrophobic binding pocket (I, V/I, P, L and Y)
and the lack of a divalent cation allow certain pAgos to bind guides bearing a



5’- hydroxyl group. For instance, MpAgo and MhAgo preferentially bind 5’-
hydroxylated RNA guides?*****, but there are some other pAgos that accept
both 5’-phosphorylated and 5’-hydroxylated guides without any clear
preference for a particular moiety?**. The MID domain pocket also binds the
5’-nucleotide of the guide, thereby making it unavailable during the base
pairing of the emerging guide-target duplex>*’. The main role of the PIWI
domain in the operation of Agos is twofold*****°. This domain promotes the
base-pairing between the guide and the target by arranging the guide’s 2-7 or
2-8 nt (the so-called “seed” sequence) in a helical conformation. The entropic
costs of the guide-target duplex formation are reduced due to the solvent
exposed bases of the guide molecule**’. More importantly, the PITWI domain
is crucial for target NA cleavage?*®>*°. The endonuclease activity
characteristic of Agos is determined by the catalytic tetrad of amino acids,
termed the DEDX (where X is D, H or K) motif, which is found in the PIWI
domain and is dependent on another structural feature known as the
glutamate finger®®'. The DEDX motif is capable of coordinating two divalent
cations and engaging in a nucleophilic attack of the bound substrate. The
DEDX tetrad mediated cleavage of the target strand typically occurs between
the 10" and 11" nt and strictly relies on the coordinated metal ions that
catalyze the hydrolysis of the phosphodiester backbone®*?. Interestingly,
RNAse H, which concretely cuts the RNA strand in the RNA-DNA hybrid
substrates, is homologous to the PIWI domain®>. Based on the current
knowledge, the L1 and L2 domains are not involved in the functional
activity of pAgos and serve only as linker sequences*2312%4,

Catalytically active PIWI domain and full-sized PAZ domain are
characteristic of most long-A pAgos®*>. The majority of characterized long-A
pAgos use DNA guides to target and cleave DNA molecules®> >,
Nonetheless, in some other long-A pAgos, the nature of suitable guides and
targets may differ: (1) DNA guides are used for RNA targeting?®, (2) RNA
guides are used for DNA targeting”’ and (3) no clear preference for
DNA/RNA acting as the guides/targets is observed***?**. The primary role of
long-A pAgos is protection of the host cell against exogenous NA, such as
foreign plasmids and invading viruses?>®?6!262 Besides taking a part in the
innate immunity of prokaryotes, long-A pAgos are also capable of promoting
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homologous recombination®® and supporting DNA replication®®*. In contrast,
long-B pAgos are far less studied than the members of the long-A clade??®. The
signature structural feature of all long-B pAgos is the inactive PIWI* domain,
since the absence of the DEDX motif renders this domain incapable of any
catalytic activity (therefore, denoted as PIWI*)?*2, Instead of a regular PAZ
domain, long-B pAgos often contain the PAZ* domain that is partially
truncated (therefore, denoted as PAZ*)**%?32, Because of the shortened



sequence, some structural elements of the PAZ* domain’s pocket involved in
the guide 3° end binding are missing, which could possibly enable more
extensive formation of the guide-target duplex?®>?%. The pAgo from
Rhodobacter sphaeroides is a rare well-characterized example of canonical
long-B pAgos. It has been demonstrated in E. coli that, by performing RNA
guided binding of target DNA, this particular protein is able to lower the
expression level of plasmid-encoded genes and promote degradation of
plasmids, even being totally devoid of nuclease activity?®’.

Short pAgos are the most abundant and comprise 59% of all proteins that
are classified as pAgos®*?. Short pAgos are predominantly found in bacteria
(94%), while archaea encode only a small portion of these proteins (6%)%°.
Compared to the general architecture of long pAgos, MID and PIWI* domains
are the only two structural elements that are retained by short pAgos?’.
Lacking the DEDX catalytic tetrad, all short pAgos themselves are incapable
of target cleavage. Instead, in most cases, short pAgos genetically associate
with the analog of PAZ (APAZ) domain, which N-terminus, in turn, is
typically fused to a variable catalytic domain. This is generally achieved via a
particular short pAgo being co-encoded in an operon or fused to another
protein that contains the APAZ domain®®**232_ Strikingly, the APAZ domain
is not a functional analog of the “original” PAZ domain, but it is rather a
homolog of the N-terminal domain of long pAgos***?°®. Depending on the
specific clade, APAZ domain can be fused to: (1) Silent information regulator
2 (SIR2) domain (in clades S1A and S1B), (2) TIR domain (in clade S2A), (3)
Schlafen/Alba, Mrr-like and other domains (in the different subclades of clade
S2B)226. In prokaryotes, SIR2 domains, for example, are NAD'-dependent
deacetylases that are involved in stress resistance’®, immune response
modulation?’® and Abi systems reliant on NAD" depletion'®. Alternatively,
TIR domains possess NADase activity’’! and play important roles in
prokaryotic Abi response by depleting the cellular NAD+ resources?’ "> and
in downstream signaling by producing various signaling molecules, such as
cyclic adenosine 5’-diphosphate-ribose (ADPR) and its derivatives''”. Similar
genetic colocalization with other proteins is also characteristic of pseudo-short
pAgos®?®. Therefore, acting in tandem with their associated proteins, short
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pAgos ensure the host cell’s immunity to diverse MGEs, mainly viruses and
plasmids®®®°. Unlike long pAgos, which are often capable of directly
degrading the invading DNA, defense systems based on short pAgos mostly
mediate the Abi response to eliminate the compromised cells and, thus,

prevent the further spreading of the infection in the whole population®?®.

1.9. Short prokaryotic Argonaute protein-mediated immunity in
bacteria



Bacterial defense systems SPARTA (short prokaryotic Argonaute TIR
APAZ) and SPARSA (short prokaryotic Argonaute SIR2-APAZ) rely on
short pAgos associated with other protein effectors, TIR-APAZ and SIR2-
APAZ, respectively**®. In both systems, the functional unit typically attains
the form of a heterodimeric complex composed of short pAgo and
corresponding effector protein®’?. SPARTA is involved solely in anti-plasmid
defense, as robust SPARTA-mediated immunity against phages has not been
demonstrated yet>’*. On the contrary, SPARSA confers cellular protection
against both these types of foreign DNA. For instance, certain SPARSA
systems are able to defend the host cell from dsDNA bacteriophages, while
other SPARSAs ensure protection against plasmid DNA that contains a
CloDF13 origin of replication®®!**?7> The general mechanistic principles of
SPARTA and SPARSA-mediated bacterial immunity are rather similar.
Transcription of the invading dsDNA generates a sufficient amount of
attacker’s messenger RNA molecules in the cell. These transcripts are
exploited by SPARTA and SPARSA proteins, which then use such acquired
small gRNAs to recognize the unwelcome target DNA in a sequence-specific
manner®*°, In their PIWI* domain, short pAgos of both systems have a
conserved sensor loop, which detects the formation of the RNA guide-target
ssDNA duplex®”. The resultant conformational changes activate the TIR and
SIR2 effector domains of SPARTA and SPARSA systems, respectively.
After being turned on, the NADase activity catalyzes the conversion of
NAD'"into nicotinamide and ADPR?"*27®_ Thus, both systems operate by
depleting the cellular resources of the central metabolite NAD", which, in
turn, triggers host cell death and limits the infection spread within the
bacterial population®”°. In this whole process, the underlying difference
between SPARTA and SPARSA defense systems is the specific requirement
for catalytic activation of the corresponding effector domains®’®. In order to
form the active pocket, TIR domains must undergo oligomerization. This
criterion is usually fulfilled through tetramerization of four heterodimeric
SPARTAS, each of them being in a complex with the guide-target
duplex®’"?"8. The domain activation
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requirement, however, is less stringent for SPARSA-mediated immunity,
since here, the flexibility increase caused by the target DNA binding is
sufficient to fully activate the SIR2 domain®”>.

Another novel bacterial defense system named SPARDA, which involves
short pAgos and protein effectors DREN-APAZ associated with them, has
been discovered recently?’****. The very first study focused on short pAgo
from Thermocrispum municipal and demonstrated that it forms a
heterodimeric complex with the associated protein, back then called



DUF4365-APAZ, where DUF stands for domain of unknown function®”. In
this in vitro study, it was revealed that this complex can bind RNA guides, led
by which it recognizes a complementary target ssDNA in a sequence-specific
manner. Consequently, the short pAgo-DUF4365-APAZ complex undergoes
activation and engages in non-specific cleavage of both ssDNA and dsDNA.
These main findings suggested an antiphage-defense role of this endonuclease
activity-exhibiting DUF4365-APAZ protein-associated short pAgo system,
which could mediate the Abi process®”’. Such a protective role characteristic
of SPARDA system (Fig. 5A) was shortly confirmed by another work, in
which short pAgos from Novosphingopyxis baekryungensis and Cupriavidus
metallidurans associated with a putative effector nuclease were studied**’. In
this study, the DUF4365 effector was designated as DNA and RNA effector
nuclease (DREN) and the term SPARDA was coined as a result, thus referring
to the short pAgo systems that contain this DREN domain (Fig. 5B). In
corroboration with the initial work, it was shown that both short pAgos of
interest and the co-encoded protein effector DREN-APAZ form corresponding
heterodimeric complexes, which unleash their inherent collateral nuclease
activity upon recognizing target DNA in an RNA-guided manner.
Additionally, it was demonstrated that activated SPARDA complexes
indiscriminately cleave not only ssDNA and dsDNA, but also single-stranded
RNA and DNA-RNA hybrid substrates in vitro. Experiments in vivo unveiled
non-specific degradation of cellular DNA by the activated SPARDA. It was
concluded that the innate immunity system SPARDA acts against phages and
plasmids and ensures protection of the vulnerable bacterial population,
supposedly through an Abi-like mechanism, although cell lysis induction does
not seem to be a characteristic trait of SPARDA functioning?®’.
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Figure 5. Short prokaryotic Argonaute, DNase associated (SPARDA)-mediated immunity
in bacteria. (A) A proposed model of cellular protection conferred by the SPARDA
complex from Novosphingopyxis baekryungensis (NbaSPARDA). The signature feature
of NbaSPARDA-mediated defense against foreign DNA is the “monomer-dimer-
monomer-filament” transition of this complex, which triggers non specific degradation of
collateral nucleic acids and ultimately results in dormancy or death of the host cell. (B)
Genome organization of the NbaSPARDA system. The four colored domains constitute a
heterodimeric NbaSPARDA complex (the so-called ‘“monomer”). (C) Cryo-electron
microscopy structure of the guide RNA-bound NbaSPARDA complex (the so-called
“dimer”). (D) Cartoon representation of the topological filament structure. The first,

second, third and fourth activated NbaSPARDA complexes are labeled as com.1, com.2,

com.3 and com.4, respectively. All panels of this figure were adapted from Wang etal. 6

Cryo-EM-based structural characterization of NbaSPARDA dictated a
comprehensive mechanistic model of SPARDA-mediated immunity in
bacteria'®. In its apo state, NbaSPARDA exists as a heterodimeric complex
(referred as monomer) composed of short prokaryotic Argonaute and effector
DREN-APAZ proteins. Once loaded with a 5’-phosphorylated 5’-AU
sequence motif-containing gRNA, such NbaSPARDA complex undergoes
dimerization (referred as dimer) (Fig. 5C). In the following step, target DNA
engagement takes place and the formed NbaSPARDA complex dimers are
broken into monomers again. Due to the further propagation of the guide
target duplex, filament assembly occurs. This process is controlled by an
intrinsic checkpoint mechanism — for filaments to form, the guide-target
duplex must be of sufficient length (at least 15 bp, ideally 19-21 bp) and
exhibit a perfect complementarity at the central region. The sensor loop of this
short pAgo undergoes substantial conformational change exerted by the
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propagation of the guide-target heteroduplex. Being pushed outward in the
active complex, the sensor loop enables the formation of the PIWI-PIWI
interface, a prerequisite for filament assembly. In the NbaSPARDA filament,



interlocking short pAgos form the backbone of the filament, whereas DREN
effector domains make up the filament’s inner layer (Fig. 5D). The formation
of the filament forces monomeric DREN domain to tetramerize. As a result,
the initially flexible DREN domain is stabilized and becomes activated. With
its collateral nuclease activity unleashed, all the surrounding NA are targeted
for non-specific cleavage. Hence, the SPARDA defense system found in V.
baekryungensis operates via the “monomer-dimer-monomer-filament”
structural transition of NbaSPARDA complex and utilizes the multi-turnover
collateral nuclease activity of the activated DREN effector domain to
indiscriminately degrade both genomic DNA of the host and invading DNA
of foreign plasmids or infecting bacteriophages, which ultimately leads to cell
death or dormancy'®.

A complete molecular mechanism of SPARDA action, however, remains
unclear in the sense of the exact changes that long DNA molecules, such as
plasmids or genomic DNA, actually undergo, when they engage in a sequence-
aspecific in trans interactions with the activated SPARDA complexes. A
direct real-time visualization of this dynamic multi-step process at the SM
level could provide unique insights into the mechanistic features of proteins
involved in filamentation-based SPARDA defense system. In terms of its
practical applications, the activated SPARDA complex, similarly to CRISPR-
Cas12"! and TnpB?®! proteins, exhibits a collateral nuclease activity, which
makes it a potential biomolecular tool for NA diagnostics?’*%.

1.10. Structure and biological role of a-synuclein and S100A9 proteins

Neurons of the central and peripheral nervous system, blood cells and
other tissues express a-syn — a small (140 amino acids, 14 kDa) acidic
protein®22%3_ Cytosol of synapses is the main location of a-syn, while nuclear
and synaptic partitions sometimes can also contain this protein®**. Three major
structural domains comprise the a-syn protein: (1) an amphipathic feature
containing N-terminal domain (1-60), (2) a highly hydrophobic central
domain (61-95) and (3) a hydrophilic C-terminal domain (96-140)**°. The N
terminal domain contains a multi-repeated consensus sequence (KTKEGV),
has an alpha-helical structure and is crucial for binding to the cellular
membranes. The central domain, also known as the non-amyloid-beta
component, is usually folded as an alpha helix and participates in the
aggregation of a-syn, when the protein adopts a beta-sheet structure. The C
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terminal domain provides flexibility to the polypeptide due to numerous

negative charged and proline residues and is involved in binding of the Ca**
jons, as well as in chaperone-like activity?®>***?%5 Generally referred as a
“natively unfolded” monomer®®®, endogenous a-syn largely acquires a



tetrameric structure®®’. Being mostly localized at the presynaptic sites, a-syn
interacts with proteins that are responsible for the release and reuptake of
neurotransmitters’*>?®, For example, human a-syn can regulate dopamine
neurotransmission by managing both the dopamine storage in synaptic
vesicles and the expression and activation of vesicular monoamine transporter
2 in nigral neurons®*?*. Control of the synaptic vesicle pool and
trafficking®’, as well as sensing and stabilization of the curved membranes®”"
are another important cellular tasks undertaken by a-syn. Acting as a
molecular chaperone, o-syn can promote assembly of the soluble N
ethylmaleimide attachment protein receptor complexes, which are involved in
the mediation of different exocytosis process’ phases, at the synapse®®>*2. It
has been shown that a-syn also performs maintenance of the mitochondrial
membrane proteins, such as the electron transport chain complex, by binding
to the mitochondrial membrane®”>. Abnormal aggregations of a-syn are
closely associated with the so-called o-synucleinopathies — sporadic
neurodegenerative diseases which include idiopathic Parkinson’s disease,
dementia with Lewy bodies, multiple systems atrophy, pure autonomic failure
and REM sleep behavior disorder’®2%42%  Aggregates of a-syn include
various formations like cytotoxic oligomers and amyloid fibrils*®. Different
morphologies, e.g., spherical, elliptical, circular, tubular and flat-shaped, are
characteristic of a-syn oligomers that can be composed of more than a hundred
polypeptide chains®*. Amyloid fibrils are highly compact and beta-sheet
structure-enriched aggregates formed during the self-assembly of a-syn®*’.
Various point mutations (A30P, H50Q, A53E and others) of a-syn are known
to modulate its aggregation and are associated with the familial forms of o
synucleinopathies®®%7,

S100A9, also known as MRP14 or calgranulin B, is a Ca*'-binding
protein that belongs to the S100 family?”®. Members of this family are
approximately 10 kDa in size and were named S100 due to their solubility in
100% saturated ammonium sulfate®”. Full human S100A9 protein consists of
113 amino acid residues, whereas its truncated isoform has 110 amino acids®®.
S100A9 is found in myeloid cells, cancer cells and in tumor stroma, with the
localization of this protein being important for its physiologic functions*’'. For
instance, in pancreatic cell lines, ST00A9 resides in the cytoplasm and plasma
membrane®??, but it also can be located within the nuclei, like in the case of
esophageal mucosa®®®. In normal myeloid cells, such as neutrophils and
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monocytes, SI00A9 is expressed at a high level and localizes in the cytoplasm

of the cell*’!. SI00A9 protein contains two Ca”*-binding sites: a high-affinity
one at the C-terminus and a low-affinity one at the N-terminus. The canonical
high-affinity Ca**-binding site is composed of 12 amino acids and resembles
the shape of a human hand and is, therefore, called an EF-hand motif



characteristic of most S100 proteins. Helix 3 (E), loop 2 and helix 4 (F) are the
three major components of this site, while helix 1 (E), loop 1 and helix 2 (F)
are the main structural elements of the non-canonical low-affinity Ca?'-
binding site, which has a total of 14 amino acids. Hinge region connects the
helices 2 and 3°°!. A conformational change, namely the rotation of the helix
3, is triggered upon Ca?* binding, which, in turn, exposes the hydrophobic cleft
of the protein. This then serves as an anchoring point for a large number of
macromolecular interactions with various target proteins, spanning from
receptors to other members of S100 family’®. For example, it was
demonstrated that Ca?*-bound S100A9 protein readily interacts with the
receptor for advanced glycation endproducts, major fatty-acid transporter
CD36 and fibronectin®”!. SI00A9 can attain several different oligomeric
states: (1) it can exist as a homodimer, (2) it can form a non-covalently bonded
heterodimer S100A8/A9, also known as calprotectin, with the S100A8
protein, and (3), in the presence of Ca*", it can also appear as a heterotetramer
composed of calprotectin and S100A9/A9?%%%! The S100A8/A9 heterodimer
is predominant in most biological interactions, but the natural state of SI00A9
can as well be different depending on the local environment in which this
protein resides®!. Primary role of S100A9 is directly related to inflammatory
processes®”. Preferentially secreted during inflammation, SI00A9 protein
promotes inflammation by boosting phagocyte migration and stimulating the
secretion of pro-inflammatory cytokines, reactive oxygen species and
enzymes responsible for tissue degradation’®. Transendothelial migration
enhancement is a direct consequence of ST00A9 action, as it causes neutrophil
adhesion to the extracellular matrix proteins, as well as prolongs the activation
of CD11b°%. S100A9 protein stimulates the production of nitric oxide and
reactive oxygen species at the inflammatory site*”, where it also induces
degranulation of neutrophils assisted by JNK and p383°". Neutrophil
phagocytosis and phosphorylation of syk, Erk1/2 and Akt, which results in the
killing of bacterial cells, are highly stimulated by SI00A9°*”. This protein also
activates NF-kB translocation to the nucleus, thus triggering the release of
TNF, IL-1p and IL-6°%. In addition, SI00A9 plays a role in thrombosis, since
activated platelets were shown to secrete this protein®”. Calprotectin, a
S100A8/A9 heterodimer, is involved in cytoskeleton rearrangement and
arachidonic acid metabolism>’’. Numerous cancer types, e.g., breast cancer,
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gastric cancer, colorectal cancer, lung cancer and others, were shown to have

an up-regulated expression of S100A9°",

A substantial cross-interaction between a-syn and S100A9 proteins has
been revealed recently’'’. Having amyloidogenic properties on its own,
S100A9 is now considered to play a possible role in the onset of certain
neurodegenerative disorders. Some of these disorders, like Alzheimer’s or



Parkinson’s disease, together with various cancer types have been linked with
the aberrant LLPS process®'!*!2. It has been demonstrated that high molecular
crowding conditions in vitro provoke a-syn to readily form protein droplets
via LLPS*". Namely, the LLPS of a-syn precedes its aggregation — a
subsequent liquid-to-solid transition drives the formation of oligomer and
fibrillar species-containing amyloid hydrogel from the initial a-syn liquid-like
droplets. In general, LLPS is a reversible physicochemical process that
involves a dilute phase and a dense phase, which consists of aggregates of
large molecular components®'®. During this spontaneous demixing of
biomolecules, various membraneless organelles, also known as biomolecular
condensates or droplets, form within cells at the nanoscale®’. The key
components and mediators of the LLPS process are proteins, DNA and RNA.
Intrinsically disordered regions, enriched in aromatic, charged and hydrophilic
residues, and low-complexity regions, which adopt flexible conformations and
are devoid of stable tertiary structures, are often found in proteins that exhibit
LLPS behavior. Multiple weak interactions, such as m stacking, cation-n
interactions, electrostatic forces and hydrophobic contacts, occur between
protein amino acid residues and other macromolecules, thus providing a
molecular basis for LLPS to begin’'®. LLPS can be also induced by scaffold
proteins, which engage in multivalent specific interaction networks®!'’, and
RNA-containing repetitive sequences®'®. Various environmental parameters,
e.g., component concentration, system temperature, salinity and pH, affect the
course of LLPS*"®. The overall role of LLPS in the cellular context is
extremely multifaceted, as this biomolecular condensation process participates
in: transcriptional regulation, genome organization and remapping, immune
response (autophagy), neuronal synaptic signaling and the formation of DNA
damage repair foci, proteasomes and stress granules’'4316320,

1.11. Open-microscopy frameworks for super-resolution imaging

Interaction between protein and DNA is a dynamic process that typically
involves three fundamental stages carried out by the protein: (1) target
search,
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(2) target recognition and (3) functional activity within the formed protein
DNA complex*?!. SM-level real-time direct visualization of such complexes
and their precise kinetic information extraction require a fluorescence
microscope with a high sensitivity, stability, spatio-temporal resolution and
semi-to-full modularity®>. Additionally, mechanistic studies of protein-DNA
interactions often benefit from SR imaging, which becomes even more
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relevant when such studies are conducted in living cells’““. Most commercial



FM optical systems exhibiting such specifications are very expensive
(hundreds of thousands of Euros) and, in most cases, are capable of imaging
a rather limited variety and complexity of biological samples due to their lack
of modularity. Various open-microscopy frameworks developed by many
independent research groups effectively address these downsides
characteristic of commercial microscopes>'.

The research laboratory led by Johannes Hohlbein developed an open
source, modular microscope, the miCube, offering SMFM and SR imaging
possibilities (Fig 6A). The accessibility and versatility of this microscopy
system come from combining 3D-printed parts with the commercially
available optical elements, lasers and other components, which all together
constitute a highly modular hardware of the miCube microscope®?. Diederich
and co-authors presented a fully modular and easily customizable microscopy
platform named UC2 (Fig. 6B). This open-hardware microscope is based on
3D-printed cubes and inserts that serve as individual building blocks for users
to flexibly assemble a desired custom optical configuration in a Lego-style
manner. The UC2 system offers a wide range of different imaging modes,
spanning from the conventional brightfield and widefield fluorescence
microscopies to SR structured illumination microscopy (SIM), image
scanning microscopy and intensity diffraction tomography>>. SMLM is also
possible with the expanded version of UC2 microscopy framework®**. The
research group led by Jonas Ries comprehensively described a custom-built
open-source microscope which is optimized for SMLM, ultra-stable 3D
imaging and multicolor functionalities®*. Danial and colleagues developed a
cost-efficient and easy-to-assemble SR microscope called NanoPro. Similarly
to other open-microscopy solutions, this instrument enables high-quality
SMLM in a high-throughput manner®>. Moya Munoz et al. introduced the
Brick-MIC, an affordable open-source portable 3D-printed microscopy
platform designed both for SM detection and spectroscopy measurements (Fig.
6C). Its versatility and adaptability allow one to perform SMFM and SR
imaging along with fluorescence correlation spectroscopy and time-correlated
single-photon counting®®’. Niederauer ef al. introduced an open-microscopy
framework, the K2, dedicated for SMFM, live-cell imaging and fluorescence
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recovery after photobleaching (FRAP) experiments. It is a TIRF microscope
which features a focus lock and overall modular design with an extended
detection pathway for the specific applications requiring a simultaneous triple
color imaging®. Huo and co-authors presented a low-cost compact open
hardware TIRF microscope named Open Blink. It features a powerful
homogeneous quad-line laser illumination and active focus-lock stabilization,
which both, in combination with the dual-channel detection, allow for
quantitative multicolor SR imaging using this instrument®?°. Besides these



specific aforementioned open-microscopy systems, there are multiple other
alternatives that also specialize in SR microscopy, e.g., easySTORM??/,
fiberSIM>?%, 1ite TIRF**°, openSIMMO**°, openSIM**! and celSTORM?*. To
date, various open-source software solutions were introduced to enable both
the control of such fluorescence microscopes and acquisition of the images
and other data, and/or to facilitate the data analysis process: ImSwitch**?,
uManager***, Pycro-Manager®*, Microscope-Cockpit**®, Fiji**’, SMAP#
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Figure 6. Various openly available super-resolution (SR) microscopy systems and
comparison of maximum spatio-temporal resolution achievable with a standard confocal
laser scanning microscopy (CLSM) and commonly used different SR imaging
techniques. (A) Open-source modular SR microscope miCube. Blue, magenta and green
dashed lines denote the components of excitation path, main cube

and detection pathway, respectively. Adapted from Martens ez al.>2. (B) Open hardware
fully modular high-resolution widefield fluorescence microscope UC2. Adapted from
Zehrer et al.***. (C) Portable and adaptable open-microscopy platform Brick-MIC
capable of SR imaging, namely, single-molecule localization microscopy. Excitation
light path is colored pink, and emission light pathway is marked in purple. Adapted from
Moya Munoz et al.*>*. (D) Lateral, axial and temporal resolutions’ typical range
characteristic of CLSM and various SR imaging techniques. SIM — structured
illumination microscopy, STED — stimulated emission depletion, SMLM —
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single-molecule localization microscopy, SPT — single-particle tracking, MinFlux —
minimal photon fluxes. Adapted from Valli e al.>*.

The highest resolution achievable with various traditional FM methods,
such as widefield epi-FM, typically reaches ~200—-300 nm in the lateral plane
and ~500—700 nm in the axial plane®*'**?. This maximum limit in standard FM
exists because of the wave-particle duality of the light. Specifically, due to its
wave nature, the light is subject to diffraction®**. SR microscopy, also known
as high-resolution microscopy, fluorescence nanoscopy and diffraction
unlimited imaging, is capable of effectively “breaching” the classical barrier



of light diffraction inherent in optical resolution®*'*** (Fig. 6D). To date,
numerous SR microscopy techniques have been developed, of which the
following are among the most widely used: stimulated emission depletion
(STED) microscopy’®, SIM**, photoactivated localization microscopy
(PALM)**, direct stochastic optical reconstruction microscopy (dSTORM)**
and point accumulation for imaging in nanoscale topography (PAINT)>*3%°,
The last three methods constitute a separate branch of SR imaging termed
SMLM?’. Some of these methods serve as the basis for other frequently used
SR microscopy approaches, such as single-particle tracking (SPT), also known
as SM tracking (SMT)*°, and minimal fluorescence photon fluxes
(MINFLUX)?. In addition to all these widely used SR microscopy techniques,
there are other high-resolution microscopy methods that offer certain
advantages: reversible saturable optical fluorescence transition (RESOLFT)
microscopy™>!, Airyscan®>, 4Pi microscopy®**, fluorescence imaging with one
nanometer accuracy (FIONA)** SR optical fluctuation imaging (SOFI)*, SR
radial fluctuations (SRRF) microscopy>>® and expansion microscopy>>°.

1.12. Single-molecule methods for protein-DNA interaction studies

FRET is a non-radiative and distance-dependent energy transfer from a
donor to an acceptor, the two fluorescent dye molecules that are generally
termed as the “FRET pair”*>’. Dipole-dipole interaction between the donor’s
and acceptor’s electronic states is the main driving force of this energy transfer
process>>®. Namely, an optically generated electronic coherence of the donor
exhibits oscillations, which in the case of their resonance with the acceptor’s
electronic energy gap, result in the occurrence of FRET*. Collectively, FRET
can only occur when all the following three criteria are fully met: (1) there is
an overlap between the emission spectrum of a donor and the absorption
spectrum of an acceptor, (2) the distance between the donor and the acceptor
is no more than 10 nm, and (3) the donor’s and acceptor’s transition dipole
moments are relatively oriented so that the energy transfer is allowed to
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happen®®2®!, The efficiency of energy transfer is formulated as Errer= (1 +
(r/ Ro)®)!, where r is the distance between the donor and the acceptor, and Ro
is the Forster radius — the characteristic distance between a donor and an
acceptor at which 50% of energy is transferred®>’*°%3%’, Changes in the
distance from ~1 to 10 nm between the donor and acceptor fluorophores can
be detected by measuring the FRET efficiency®®>*®. This makes ensemble
FRET a powerful tool for investigating structural features and dynamics of
various biological systems>®+3%3,

Ensemble-based FRET methods are, however, highly susceptible to any
dynamic or static heterogeneity that may be present in the sample®®. A
dedicated FRET technique — smFRET — effectively resolves this sample



heterogeneity-related issue by enabling the observation of FRET at the SM
level**”3% (Fig. 7A). In smFRET, rather than on multiple different molecules
at a time, the same pair of donor and acceptor fluorophores is excited and
detected on an individual molecule®®’*%®, Measurements of smFRET are
usually performed using either a confocal microscopy system or a TIRF
microscopy setup capable of widefield imaging®*®*%®. Ratiometric methods are
typically employed to experimentally deduce the efficiency of energy transfer
in smFRET. In the intensity-based smFRET, the apparent FRET efficiency is
calculated as E" = Ia/ (Ia + Ip), where Ia is the fluorescence intensity of an
acceptor and /p is the fluorescence intensity of a donor. In the lifetime-based
smFRET, the FRET efficiency is given as ErrRer = 1 — 7pa / 7D, Where 7pa and
> are the donor’s fluorescence lifetime in the presence and absence of the
acceptor, respectively> 783! Being comparable to the protein size or lipid
membrane thickness, the favorable distance (1-10 nm) for the energy transfer
to occur is the key advantage of smFRET technique, often specified as a
“spectroscopic ruler®>’3%8 Application wise, snFRET enables measurement
and quantification of the dynamic interactions between the neighboring
fluorescently labeled biomolecules, for example, protein-protein®®® and
protein-DNA®"" interactions®’!. Conformational changes and dynamics of
single DNA®”?, RNA3"? and protein®”* molecules, as well as individual protein
folding®”, also can be observed by the means of smFRET, when the labeling
with the donor and acceptor fluorophores is performed at the two selected
different sites on the same single molecule®”".
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Figure 7. Several examples of the major techniques used for studying protein-DNA
interactions at the single-molecule level. (A) Single-molecule Forster resonance energy
transfer. The donor (D) fluorophore is depicted in blue, acceptor (A) fluorophore in red.
(B) DNA flow-stretch assay. The protein of interest is shown in red, generated evanescent
field in green. (C) Single-tethered Soft DNA Curtains. PEG — polyethylene glycol. (D)
Double-tethered Soft DNA Curtains. Adapted from Kopustas et al.>’®.

In a typical DNA flow-stretch assay, a single end of the individual DNA
molecules is randomly immobilized on the glass coverslip surface®””7® (Fig.
7B). Streptavidin-biotin interaction, a non-covalent, specific, high affinity
(Kp = 10°'° M) interaction, is a long-standing gold standard for tethering
single DNA molecules to the surface®”*. To achieve a single-end
anchoring of DNA, the glass coverslip surface is usually chemically modified
with polyethylene glycol (PEG) molecules that have additional moieties, such
as the methoxy group or biotin. This ensures both passivation and
functionalization of the glass surface, which is then coated with streptavidin,
thus enabling a non-predefined attachment of the biotinylated DNA
molecules®®!**2, Visualization of DNA is performed by first staining the
surface-immobilized DNA molecules with fluorescent intercalating dyes, like
SYTOX Green or YOYO-1. In the next step, a continuous buffer flow is
applied and the exerted hydrodynamic force causes the stretching of single
tethered DNA molecules along the surface. Experiments with the surface
attached A DNA revealed that a shear flow of 0.5-2.0 mL/min can induce
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forces up to 4 pN, meaning that with such fluid flow rates, in principle, it is
possible to achieve ~90% of the full contour length extension for various



single-tethered DNA molecules®®’. In addition, the lateral movement of the
immobilized DNA is reduced in the presence of a buffer flow*. Since the
flow-stretched DNA molecules reside close to the glass coverslip surface,
their imaging is usually performed using a TIRF microscope, which allows for
the selective excitation of only a very thin (~100 nm) section above the glass
surface*®>%_ With the background fluorescence removed, the fluorescently
labeled contour of the flow-extended individual DNA molecules can be
effectively visualized at a high signal-to-noise ratio®®>*%’. By specifically
anchoring the second end of single-tethered DNA molecules to the surface,
such DNAs can then remain in a stretched conformation even in the absence
of a buffer flow>®. DNA flow-stretch assays can accommodate both short and
long DNA substrates, of which the latter suits the best for uncovering the true
potential of this SM technique. Being 48 502 bp in size, bacteriophage A
genomic DNA exhibits a B-form contour length of ~16.5 um and is the most
commonly used substrate in this methodological field*®****°. The main
application of DNA flow-stretch assays involves protein-DNA interaction
studies at the SM level*’®. By fluorescently labeling the proteins of interest,
these can then be injected into a flow cell, which has the DNA flow stretch
assay already prepared, to visualize and observe individual protein

DNA interaction dynamics in real time*'. Namely, this includes
characterization of protein-binding events, e.g., position on the DNA and
dwell time*>3%, tracking of the protein movement and diffusion along the
extended DNA molecule’**?, investigation of the DNA unwinding**® and
repair’®’ processes, and fundamental studies of various DNA-binding protein
target search mechanisms**%3%°,

There are several different adaptations of the standard DNA flow-stretch
assay, for instance, DNA tightropes*”’ and DNA flow-stretch approach based
on the use of a magnetic bead*’!. Another huge branch of the standard DNA
flow-stretch assays is the so-called DNA Curtains platform that enables
imaging of hundreds of surface-immobilized individual DNA molecules,
which are all simultaneously visible in a single field of view of the
microscope*??. The superiority of DNA Curtains over a typical DNA flow
stretch assay comes from a high-throughput nature of this experimental
platform, as large amounts of statistical data can be collected only in a single
experiment performed using this platform**. Supported lipid bilayers and
lipid lateral diffusion barriers, which are made out of metal (usually
chromium) or negative resist (mainly hydrogen silsesquioxane), compose the
core technological design of traditional DNA Curtains**>***, There are
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numerous different types of these conventional DNA Curtains: (1) single
tethered DNA Curtains**>4%4%_ (2) double-tethered DNA Curtains®' 47, (3)
single-stranded DNA Curtains**®, and (4) others*®*!!. However, all of them



share several fundamental drawbacks related to the preparation of lipid
bilayer-based systems (poses system stability and defect management risks)
and, most importantly, to the nanofabrication of physical lipid diffusion
barriers (requires expensive equipment, specialized knowledge and lots of
time)*’®. In contrast, Soft DNA Curtains combine scanning probe microscopy
and soft lithography techniques to offer a simple and cost-effective platform
for high-throughput SM-level studies of protein-DNA interactions'¢"#12,
Fabrication of Soft DNA Curtains involves AFM, which is used for the
inscription of nanometer-sized lines on the surface of Si master template, and
protein lift-off microcontact printing, which enables precise nanopatterning of
PEGylated glass coverslip surface with the protein (streptavidin or traptavidin)
line-features (Fig. 7C). Biotinylated DNA molecules can then be immobilized
on these stable anchor points with a predefined alignment and organized in a
massively parallel manner by applying a buffer flow'®!. Like in any other
DNA flow-stretch assay, the main imaging modality for visualizing these
flow-extended single DNA molecules is TIRF microscopy. In double

tethered Soft DNA Curtains, individual DNA molecules are immobilized on
the surface via both of their ends in a defined orientation*'? (Fig. 7D). This is
achieved by modifying a second end of the biotinylated DNA molecule with
digoxigenin and flow-attaching this digoxigenin-labeled end of a single
tethered DNA molecule to the adjacent protein line-feature, which was coated
with the biotinylated digoxigenin antibodies in one step before. Besides
traditional DNA Curtains and Soft DNA Curtains, few other technological
variations of this high-throughput DNA flow-stretch assays’ SM method were
also demonstrated — Suspended DNA Curtains*!® and DNA Skybridge*!*.
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2. RESULTS

2.1. Development of the optical fluorescence microscopy system miEye



In this publication, we described in detail the design, building,
characterization and validation of optical FM system miEye. Our widefield
fluorescence microscope miEye offers SMFM and SR imaging capabilities.
The miEye is compact, fully modular and cost-effective — all its equipment can
be purchased for approximately 50 thousand Euro. Although the design of our
microscope‘s main body is based on the open-source miCube microscopy
platform®?, the entirety of optomechanical components, optical elements and
paths is completely modified and expanded in the case of miEye,
thus significantly improving its flexibility and stability. The major
differences between these two fluorescence imaging systems are the layout of
the microscope body (two layers in miCube, three layers in miEye), the
origin of the laser engine (commercial in miCube, custom design developed
by us in miEye), the number of possible sample excitation schemes (only
one based on single-mode fiber (SMF) in miCube, two different ones based
either on SMF or on multi-mode fiber (MMF) in miEye) and the presence of
sample
autofocusing system (absent in miCube, present in miEye). The miEye

microscopy system is comprised of five main parts: * Laser engine. A

pivotal component of the laser engine is a 4- wavelength (405, 488, 520
and 638 nm) laser diode combiner. After exiting the combiner, these
free-space lasers are coupled into a SMF or MMF (Fig. 8A).

¢ Excitation path. In the excitation path, the laser beam exiting

from one of these fibers is subsequently directed into the same
single optical path. This enables a flexible possibility to image
even the same sample in two different ways, i.e., using a SMF
based excitation scheme (Fig. 8B) or a MMF-based excitation
scheme (Fig. 8C). In the first approach, the sample can be
illuminated in three different modes of excitation — TIRF, HILO
or Epi-mode. Alternatively, the MMF output is imaged onto the
sample plane of the objective. This constricts the excitation
along the optical axis and enables imaging modality similar to
the optical sectioning of the sample. In this case, a home-built
MMF agitation module is used to produce a flat homogeneous
illumination profile of the sample.

* Microscope body. The three-layer microscope body is

manufactured by first CNC milling an aluminum block and then
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anodizing it. Such body serves as the main monolithic part of
miEye, highly contributing to the stability of the imaged sample
on all three axes (Fig. 8D).



* Autofocusing path based on infrared (IR) laser. The IR laser

based autofocusing system is responsible for compensating for
the drift of the sample along the Z-axis, thereby stabilizing the
sample in focus. This active drift-suppression system uses a
closed-feedback loop between the IR laser position, which is
monitored in real time by a detection camera, and the objective
piezo stage (Fig. 8E).

* Emission path. The emission path is arranged in a 4f optical

configuration, supports two-color fluorescence imaging, and
features a cost-effective industrial-grade CMOS camera offering
a sufficient quantum efficiency across the entire visible light
spectrum together with a high frame rate (Fig. 8F).

Figure 8. Overview of the main parts and key features of the open-source super resolution
microscope miEye. (A) Laser-engine panel. (B) Single-mode fiber-based excitation
pathway. (C) Multi-mode fiber-based excitation pathway. (D) Main body of the
microscope. (E) Autofocusing pathway based on the infrared laser. (F) Fluorescence
emission pathway. (G) Microscope Control module available in the microEye software.
(H) Direct stochastic optical reconstruction microscopy (dSTORM) imaging of
fluorescently labeled nuclear pore complexes in fixed U20S Nup96-SNAP cells (on the
left — Fourier ring correlation (FRC) curve, on the right — reconstructed super-resolution
image). SM — single-mode, MM — multi-mode, AS — aspheric lens, AC — achromat lens,
BFP — back-focal plane, TL — tube lens, B — B coated N-BK7 optics, BS — beamsplitter.
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The hardware of miEye microscope is controlled by our open-source
software, microEye, written in Python® (Fig. 8G). The microEye package is
dedicated not only for reliable control of the microscope (Control module),
but also for the streamlined data acquisition (Acquisition module) and quick



analysis (Tiff viewer module).

To characterize the stability of our microscopy system along the XYZ,
under various conditions we performed imaging of 200 nm-diameter red
fluorescent polystyrene microspheres immobilized on the glass coverslip
surface. We determined that the sample experiences a drift of <7 nm/min in
both the lateral and axial planes without the constant active automatic upkeep
of the optimal distance between the sample and the objective, i.e., without
autofocusing. With the autofocusing system active, we observed a stabilization
of the sample’s drift along the Z-axis, and the drift itself
fluctuated within 10 nm around the same stable value throughout the
measurement. The sample drift along the XY, in this case, was ~3 nm/min. To
demonstrate that miEye microscope can be used for nanoscopy, specifically
SMLM, we employed a MMF-based excitation scheme and performed
dSTORM of fluorescently labeled NPCs in fixed U20S cells. After analyzing
the data, we obtained the precise localizations of fluorescent spots and
generated a digital reconstructed SR image in which individual NPCs and their
characteristic ring-like structure are clearly visible (Fig. 8H). Using the
information of the extracted localizations for Fourier ring correlation method
based estimation of resolution, we determined that with this particular sample
the resolution of our microscopy system reached 34.7 nm. Finally, to validate
that miEye can also achieve SR when the microscope is set to a SMF-based
excitation scheme, we performed imaging of commercially available DNA
PAINT sample. After reconstructing the SR image and correcting for the
lateral sample drift, we were able to resolve individual DNA nanostructures
with their characteristic pattern of three spots spaced 80 nm apart from each
other. In this case, Fourier ring correlation-based quantitative assessment of
resolution achieved by our microscopy system indicated a value of ~14 nm.

2.2.Characterization of droplets formed by S100A9 and a-synuclein
proteins

In the study described above, we have successfully demonstrated that our
newly developed microscope miEye exhibits a high performance in single
color fluorescence imaging. Still, it remains unclear whether miEye
maintains such an effective performance in simultaneous two-color
fluorescence imaging in vitro. This could be even more complicated when
the sample
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exhibits a high level of heterogeneity in terms of the morphological and
fluorescence properties of the objects of interest. Protein LLPS is a process
during which biomolecules condense into high-concentration membraneless
particles®?**!%. Protein droplet-like molecular condensates formed as a final



product of LLPS typically are highly heterogeneous in terms of the
aforementioned aspects’'?, therefore they are well suited for demonstrating the
extended capabilities of our new imaging system.

Here, we investigated the cross interaction between neurodegenerative
disease-related a-syn®’ and pro-inflammatory S100A9%®, mainly focusing on
the formation of protein condensates. Using two-color FM, we performed
imaging of samples containing unlabeled a-syn mixed with enhanced green
fluorescent protein (eGFP)-labeled a-syn and SI00A9-mCherry and quantified
their colocalization (Fig. 9). We saw that most small droplets consisted
primarily of S100A9-mCherry, whereas larger droplets contained either a-
syn-eGFP alone or both fluorescently labeled proteins. After performing a
statistical analysis of the particles (n = 2581), we determined that 44.7 + 3.2%
of the droplets were heterotypic. Out of the remaining condensates, 43.1 +
2.5% of the droplets contained only S100A9-mCherry, while 12.2 +2.5% of
the droplets consisted solely of a-syn-eGFP. To conclude, in this study, we
demonstrated that a-syn and S100A9 proteins can form both homotypic and
heterotypic droplets under high molecular crowding conditions.

oGFP chan mCharry channel

Figure 9. Total internal reflection fluorescence microscopy images of a-synuclein and a-
synuclein-eGFP or SI00A9-mCherry droplets deposited on the glass coverslip surface.
Reproduced and modified from Veiveris et al. 6,

2.3. Mechanisms of Bfil restriction endonuclease interaction with DNA

In this work, we developed a novel smFRET-based assay which we then
used to investigate in cis and in trans interactions of the active site mutant
K107A of Bfil with the DNA. During in cis interaction, when both Bfil
targets
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are positioned on the same DNA molecule (Fig. 10A), the FRET efficiency
distribution was comprised of two populations that showed a good fit when
using the double-Gaussian function (Fig. 10B). The first population was
distinguished by a peak located at ~0.1 FRET efficiency, which we attributed
to the non-looped DNA state. The center of the second population was shifted



only by ~0.02 units to the higher end of FRET efficiency, and we associated
this population with the looped DNA state, in which the DNA should adopt a
“U”-shaped conformation.
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Figure 10. Single-molecule FRET (smFRET) assays for Bfil-DNA in cis and in trans
interactions’ studies. (A) Schematic illustration of the smFRET-based DNA looping assay
in which Bfil interacts with its two target sites in cis. Donor fluorophore is depicted in
green, acceptor fluorophore in red, Bfil protein in light and dark grey, double-stranded
DNA molecule in dark blue, Bfil target sites in light blue. (B) Histograms of FRET
efficiencies of selected single-molecule signals with and without Bfil protein in the
smFRET in cis assay. (C) Schematic illustration of the sSmFRET assay for probing Bfil-
DNA interactions in trans. (D) Histograms of FRET efficiencies of the detected binding
events with both Bfil targets present and with only one Bfil target site in the SmFRET in
trans assay. (E) Distribution of FRET efficiencies measured in the sSmFRET in trans assay
with the cross-linked catalytically inactive Bfil variant. Grey — non-cross-linked
population of Bfil, green — partially
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cross-linked population of Bfil, blue — fully cross-linked population of Bfil. Adapted
from Ivanovaite ez al.*!”.

Next, we altered the arrangement of Bfil recognition sites — we kept one
Bfil target on the surface-immobilized DNA molecule, whereas we moved the
other target to the separate untethered short dsDNA oligonucleotide (Fig. 10C).
Because of this rational design, we were able to isolate and observe the



interaction in trans over an extended period since the possibility for DNA
looping to occur was completely abolished. After visually analyzing and
manually selecting the proper SM signals, we determined that approximately
20% of all acquired signals represented Bfil binding events. The graph
depicting the distribution of FRET efficiency exhibited a distinct peak
centered at a FRET efficiency value of ~0.18 (Fig. 10D). We concluded that
this conformational state characteristic to Bfil is most likely the same as in the
assay of in cis interaction, where it showed a lower FRET efficiency (~0.12)
of the formed Bfil-DNA complex, possibly due to DNA looping effect on the
DNA bending at the fluorophore attachment sites. In both interaction cases —
in cis and in trans — the measured FRET efficiencies were lower than the
theoretical value (~0.4), which we expected to obtain when the DNA-bound
Bfil exists in the closed state. Such result suggested that, upon double on
target binding, Bfil REase could be changing its conformation from the closed
to the open state so quickly that we were not able to detect this higher FRET
efficiency-exhibiting closed state due to the limited temporal resolution of the
immobilization-based smFRET technique paired with TIRF microscopy*!®.
To eliminate this conformational shift intrinsic to Bfil in our experiments,
we decided to repeat the smFRET measurements this time using a
catalytically inactive cross-linked variant of Bfil, named Bfil-SS'*. In this
Bfil version, both DNA-binding domains are coupled to the cleavage domain
via a short linker, thus “locking* the protein in a closed state. Such cross-
linking previously performed on Bfil, however, was not fully effective and
resulted in ~70% of completely cross-linked REase, ~15% of partially cross-
linked Bfil (here only one random DNA-binding domain is linked to the
cleavage domain) and ~15% of non-cross-linked enzyme. When probing
DNA-Bfil-SS interaction in trans, we observed stable binding events with
three different levels of FRET efficiency (Fig. 10E): ~0.2 (characteristic to
non-cross-linked Bfil), ~0.35 (characteristic to partially cross-linked protein)
and ~0.5 (characteristic to fully cross-linked REase). Based on this
experimental approach, we demonstrated that, as soon as the non-cross-
linked version of Bfil binds both of its targets during in cis or in trans
interaction with DNA, it rapidly transitions into an open state. In addition, we
characterized Bfil-DNA
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interaction dynamics by correlating the average FRET efficiency (i.e., protein
conformation) with the duration of binding events (i.e., stability of the
complex). We found that Bfil exhibited short (<0.5 s) off-target binding
events, while this restriction enzyme remained bound to both of its cognate
DNA sequences for longer (4.9 s).

2.4. Target search mechanisms of Type I-F Cascade complex in the



context of anti-CRISPR proteins

In this work, we studied the potential of ten AcrlF families to inhibit the
Type I-F CRISPR-Cas system from Aggregatibacter actinomycetemcomitans
D7S-1. We found that the activity of Aa-CRISPR-Cas immunity in vivo was
blocked by only two AcrlF family proteins — AcrlF6 and AcrIF9. After
performing the biochemical analysis, we demonstrated that both AcrIF6 and
AcrIF9 directly interact with the Aa-Cascade complex and prevent it from
recognizing its target DNA. Additionally, AcrIF9 exhibited a unique feature
that promotes the non-specific binding of Aa-Cascade to DNA.

To study the target search dynamics of Aa-Cascade and Aa-Cascade
AcrIF9 at the SM level in real time, we employed a double-tethered Soft
DNA Curtains platform, in which both ends of the flow-stretched individual
bacteriophage A DNA molecules (48.5 kbp) are immobilized on the surface
printed traptavidin lines'®'*!2. While probing the interactions between Aa
Cascade and DNA, we observed two populations of binding events: short
lasting (<20 s) events, which were distributed over the entire length of the A
DNA molecule, and long-lasting (>20 s) events, which were mainly located
at the target site (Fig. 11A). Aa-Cascade in complex with the AcrIF9 protein
was predominantly binding to DNA in a sequence-non-specific manner (Fig.
11B). In this case, the long binding events became spread across the entire
length of the A DNA molecule, and their population percentage surged from
~11to ~30%. With the AcrIF9 protein bound to the Aa-Cascade, the
frequency of on-target binding decreased from ~18 to ~8%, while the
amount of off-target binding events increased from ~31 to 42%. Lastly, upon
adding AcrlF9, the mean dwell-time of Aa-Cascade-AcrIF9 complex on the
off-target DNA sites increased from ~7.8 to 18.6 s.
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Figure 11. Binding position and dwell time of Type I-F Cascade surveillance complex
from Aggregatibacter actinomycetemcomitans D7S-1 (Aa) and Aa-Cascade-AcrIF9
measured using double-tethered Soft DNA Curtains. (A) 2D histogram plot showing the
binding location vs. binding duration for the Aa-Cascade complex. (B) 2D histogram plot
indicating the binding position vs. dwell time for the pre-assembled Aa-Cascade-AcrIF9
complex. T — total number of examined DNA molecules, A — DNA molecules with at least
one respective Cascade complex binding event, E — total number of individual binding
events of the respective Cascade complex, bt-end — biotinylated end of A DNA. Reproduced
and modified from Kupcinskaite et al.*!°.

These results suggest that the prolonged dwell-time of Aa-Cascade
AcrIF9 at the off-target DNA sites is the most probable factor driving the non
specific binding of Aa-Cascade-AcrIF9 complex to DNA, while the increased
off-target binding frequency is of a rather small contribution. Initial
biochemical experiments in bulk and complementary AFM measurements also
supported this hypothesis. Based on all the collected results, we concluded
that AcrIF9 protein inhibits the target-specific recognition of Aa Cascade and
promotes its non-specific interactions with the DNA, forcing this
Type I-F CRISPR-Cas effector complex to spend more time at the off-target
DNA sites.

2.5.SPARDA defense system proteins‘ mechanisms of action

In this paper, we conducted functional, biochemical, structural and SM
level studies of two so far uncharacterized homologous SPARDA defense
systems — XauSPARDA and SPARDA complex from the thermophilic
Enhydrobacter aerosaccus (EaeSPARDA). Here, we proposed a
comprehensive molecular mechanism of action of XauSPARDA. We showed
that in vivo both XauSPARDA and EaeSPARDA grant protection against
foreign plasmids by catalyzing the non-specific degradation of DNA and
thereby inducing cell death. Our results revealed that the activation of
SPARDA proteins occurs through their filament assembly.
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By combining SMFM with in vitro DNA flow-stretch assay, we
visualized SPARDA filamentation on the long A DNA molecules immobilized



on the surface by their single end (Fig. 12A). Using a relatively slow
continuous buffer flow, we demonstrated that in a Ca**-enriched environment
the activated WT XauSPARDA protein, i.e., in complex with gRNA and a
fully complementary (17 bp) ssDNA target, was able to compact individual A
DNA molecules into separate bundles (Fig. 12B). Compaction of dsSDNA was
reversible — this required a higher ionic strength buffer to be injected in the
flow cell and incubated there for an extended period. Upon replacing the Ca®"
ions with the Mg?" ones in the flow cell, we observed close to a complete
cleavage of A DNA compacted by the activated XauSPARDA. On the
contrary, we saw no effect on the single end-immobilized A DNA molecules
when using the assembled XauSPARDA complex comprised of gRNA and a
low-complementarity (8 bp) ssDNA target.
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Figure 12. SPARDA mechanism of action revealed by a direct real-time single molecule
total internal reflection fluorescence (TIRF) microscopy. (A) Schematic illustration of
DNA flow-stretch assay designed for probing SPARDA and double stranded DNA
individual interaction dynamics. (B) TIRF microscopy images showing the reversible
single end-immobilized A DNA compaction process characteristic of the wild-type
XauSPARDA-guide RNA (gRNA)/target DNA (tDNA) complex in the presence of Ca®*
and the subsequent cleavage of A DNA in the presence of Mg®". N — total number of
analyzed A DNA molecules, NC — mean percent value of non-compacted DNA, C — mean
percent value of compacted DNA. Scale bar (light blue) is 10 pm. Calibration bar (upper
left) indicates minimum and maximum grey scale values. (C) Individual A DNA molecule
length distribution obtained after incubation with the complexes of different XauSPARDA
protein variants and the complementary gRNA/tDNA duplex in the presence of Ca’".
Control — before incubation, N — total number of A DNA molecules analyzed, IctDNA —
low complementarity DNA target. (D) Cleavage activity of wild-type XauSPARDA and
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various XauSPARDA mutants in the presence of Mg>". Bars indicate the average
percentage, and dots represent the separate values of each imaged surface position.
Reproduced and modified from Jurgelaitis et al.**°.

Here we also examined various XauSPARDA mutants (Fig. 12C) at the SM
level and found that: (1) the active site mutant XauD41A specifically



compacted the surface-immobilized A DNA but did not cleave it (Fig. 12D);
(2) apo dimerization mutants AD1 and AD2 exhibited properties analogous
to those of the WT XauSPARDA; (3) filamentation by Ago mutants FAT,
FA2, FA3 and filamentation by DREN mutants FD1 and FD2 had no effect
on A DNA even when their respective complexes contained a fully
complementary ssDNA target. Finally, we demonstrated that the filament
formation is also characteristic of other homologous SPARDA systems —
EaeSPARDA, NbaSPARDA and SPARDA complex from Thermocrispum
municipale (TmuSPARDA) — whose proteins, when activated with a fully
complementary ssDNA target, were also able to efficiently compact and
then cleave the

individual A DNA molecules immobilized on the surface by their single end.
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3. DISCUSSION

The studies presented in this dissertation can be divided into three parts:
(1) development and validation of a fluorescence imaging system miEye, (2)
demonstration of the expanded capabilities of miEye and (3) elucidation of the
mechanisms by which proteins from three divergent bacterial defense systems
interact with NA. Firstly, we addressed an issue related to the current lack of
versatile, easily customizable and at the same time user-friendly high
resolution widefield fluorescence microscopes both on the commercial
market and in the scientific community®'. For this purpose, we have
developed an integrated open-source solution named miEye. Compared to the
existing similar microscopy platforms, the fundamental advantage of the
miEye microscope is its full modularity. Our microscopy system is equipped
with a custom-made laser engine (405, 488, 520 and 638 nm wavelength
laser diodes), has two easily interchangeable schemes of excitation (SMF- or
MMF based), as well as modifiable and expandable emission path. All of this
enables a flexible imaging experience for the user with the possibility to
tailor the microscopy setup according to one‘s needs. Thus, our bench-top
optical microscopy framework can be used for standard widefield
fluorescence imaging, SMFM and SR-requiring measurements. High
stability is the other strength of miEye, as the microscope has an IR laser-
based autofocusing feature dedicated for actively maintaining the
stabilization of the specimen movement along the Z-axis during imaging. The
miEye experiences lateral sample drift of less than 7 nm/min, which is
another indication of the system robustness. The total cost of hardware
needed to build such system reaches at around 50 thousand Euro, which is
way below the typical price range (>100 thousand Euro) of other available
open-source microscopes with a similar set of capabilities®***3°,

Along with the miEye‘s hardware, we also developed a Python-based
open-source software called microEye**. It is a user-centric solution dedicated
for controlling the microscope, acquiring images and analyzing the collected
data simultaneously during the same experiment. These three functional
modules — Control module, Acquisition module and Tiff viewer module — are
integrated into a single environment of microEye, hereby ensuring its stable
and reliable performance, which can be sometimes missing in other stand alone
software packages of a similar purpose, e.g., uManager***. To determine the
resolution of miEye microscope, we performed dSTORM-based imaging of
NPCs, which were previously reported to be a well suited reference standard
for quantitative SR microscopy*?!, in fixed U20S cells, and as well imaged a
commercial DNA-PAINT sample in vitro for additional validation.
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We deduced that the lateral resolution of our optical system was <35 nm. This



validated the SR capabilities of miEye, demonstrating that this microscopy
platform can be efficiently used to study various biomolecules and their
interactions at the nanoscale.

In this study, we did not explore live-cell imaging possibilities of our
microscopy system. Living cells are far more complex biological system than
virtually any artificial in vitro sample®® and, for example, mammalian cells
usually require at least a proper ambient temperature during the longer
measurements in order to maintain their viability**?. Thus, it remains to be
tested whether miEye can be effectively used for in vivo FM applications. In
addition, here we performed only 2D imaging of the selected specimens. Since
the emission path of our microscope is fully adaptable, the miEye, in principle,
should be also suitable for super-resolution imaging in 3D, which is yet to be
demonstrated. This imaging modality is typically implemented through
introducing astigmatism into the emission optical path*** or performing more
advanced insertable phase mask-based PSF engineering that converts the
regular PSF shape into the form resembling, e.g., a double helix*** or
tetrapod*?.

The second part of this dissertation was dedicated to demonstrating the
additional functionalities of the miEye microscopy framework developed
here. We aimed to perform simultaneous two-color fluorescence imaging of
an in vitro sample that differs from most of our regular specimens, containing
protein-DNA complexes or being involved in SMLM measurements, in its
properties and complexity. We anticipated that the membraneless droplet-like
formations originating during the LLPS process should be well-suited for this
purpose, where they could serve as a model object exhibiting high
heterogeneity’'®. We employed the miEye microscope for studying the cross
interaction  between the pro-inflammatory  S100A9%* and  the
neurodegenerative disease-associated a-syn’, as well as their ability to form
heterotypic droplets under LLPS-inducing conditions. We found that
fluorescently labeled a-syn and S100A9 proteins formed heterotypic droplets
to a fairly high degree. We determined that the group of homotypic droplets
was dominated by S100A9-mCherry particles, which were characterized by
small size, whereas there were few, mainly large condensates comprised solely
from o-syn-eGFP. Along with such obtained results dictated by the cross-
interaction taking place between a-syn and S100A9 proteins, here we also
validated the two-color imaging capabilities of our home-built widefield
fluorescence optical microscopy system by effectively visualizing and
quantitatively characterizing the highly heterogeneous biomacromolecular
products of LLPS.
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