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1 Sommario

L'instabilita del genoma é una caratteristica distintiva dell'invecchiamento e di varie
patologie umane, tra cui il cancro. L'instabilita genomica e provocata da agenti
esogeni che danneggiano il DNA e da molteplici fattori endogeni, tra cui le G-tetradi,
strutture secondarie non canoniche del DNA. Queste strutture eterogenee sono state
implicate nella modulazione di numerosi processi biologici, inclusi la trascrizione e
la replicazione. Di conseguenza, la perturbazione dell'omeostasi delle G-tetradi e
associata ad alterazioni nell'espressione genica, a stress replicativo, a rotture del
DNA e, in ultima analisi, a un aumento dell'instabilita del genoma. Abbiamo
recentemente scoperto che la proteina Vid22 di Saccharomyces cerevisiae, un
presunto membro della famiglia hAT di DNA trasposasi in base alla predizione di un
motivo a dito di zinco di tipo BED e un ripiegamento simile alla ribonucleasi H, lega
alcuni siti formanti G-tetradi e contrasta i loro effetti negativi sulla stabilita del
genoma. In questo lavoro, ho mutato vari residui della proteina Vid22 o la sequenza
di DNA di uno dei suoi siti di legame nel genoma per investigare i requisiti intrinseci
ed estrinseci per il suo reclutamento alla cromatina. L'arricchimento di Vid22 in
certi loci dipende dalla presenza di una G-tetrade e contribuisce al legame al DNA di
Tbf1, un fattore regolativo generale multifunzionale. Inoltre, il ruolo di Vid22 nella
protezione del genoma e correlato alla sua interazione fisica con Tbf1. La distorsione
del motivo a dito di zinco di tipo BED, putativo dominio di legame al DNA, affligge
solo parzialmente l'interazione di Vid22 con il DNA e Tbf1l, mentre la mutazione di
residui C-terminali abolisce entrambi i processi e correla con ipersensibilita
cellulare a stress genotossici. Inoltre, Vid22 forma omodimeri in vivo. Il modello
computazionale e la struttura a bassa risoluzione del dimero di Vid22 mostrano
somiglianze sorprendenti con quello formato da Hermes, trasposasi attiva della
famiglia hAT, nonostante la loro distanza evolutiva e la divergenza di sequenza.
Analogamente a Hermes, il C-terminale di Vid22 sembra essere cruciale nel
mantenimento della corretta struttura terziaria della proteina. La mutazione del C-
terminale abolisce anche l'interazione Vid22-Vid22 a causa della sua prossimita
spaziale a una seconda regione putativa di legame al DNA direttamente coinvolta

nella dimerizzazione (residui 170-210), inferita per omologia con Hermes, la cui



esistenza e corroborata dalla compromissione dell'auto-interazione nel mutante
vid22 F195A. Pertanto, Vid22 origina evolutivamente dalla domesticazione di una
DNA trasposasi della famiglia hAT a supporto della stabilita del genoma e della
regolazione delle G-tetradi nel lievito gemmante. Poiché anche il genoma umano
codifica proteine poco caratterizzate che sono predette possedere
un’organizzazione di domini e un'origine evolutiva simili, la ricerca su Vid22
potrebbe gettare le basi per il loro studio, oltre a fornire nuove informazioni sul

riconoscimento e sulla biologia delle G-tetradi.



2 Abstract

Genome instability is a characteristic feature of ageing and several human
pathologies, including cancer. Genome instability is elicited by exogenous DNA
damaging agents and by multiple endogenous factors, among which G-quadruplex
non canonical DNA secondary structures. These structurally heterogeneous nucleic
acid folds have been implicated in the modulation of multiple biological processes,
including transcription and replication. Consequently, perturbation of G-quadruplex
homeostasis is linked to alterations in gene expression, replication stress, DNA
breakage, and, ultimately, enhanced genome instability. We recently found that
Saccharomyces cerevisiae Vid22, putative member of the hAT family of DNA
transposases by prediction of a BED-type zinc finger domain and a RNase H fold,
binds at G-quadruplex forming sites and counteracts their detrimental effects on
genome stability. In this work, I mutated various residues of Vid22 protein or the
DNA sequence of one of its binding loci in the genome to investigate the intrinsic and
extrinsic requirements for its recruitment to chromatin. Vid22 enrichment at
certain loci depends on the presence of a G-quadruplex and contributes to the
binding of Tbfl, a multifunctional general regulatory factor, to DNA. Moreover,
Vid22 role in genome protection correlates with its physical interaction with Tbf1.
Disruption of the putative DNA-binding BED domain only partially affects Vid22
interaction with DNA and Tbf1, whereas mutation of C-terminal residues abolishes
both processes and correlates with cell hypersensitivity to genotoxic stress.
Moreover, Vid22 forms homodimers in vivo. The computational model and low-
resolution structure of Vid22 dimer display striking similarities to that formed by
the active hAT Hermes transposase dimer despite their evolutionary distance and
sequence divergence. Similarly to Hermes, Vid22 C-terminus seems to be crucial in
maintaining the proper protein tertiary structure. Mutation of the C-terminus also
abolishes Vid22 self-interaction due to its spatial proximity to a second putative
DNA-binding region directly involved in dimerisation (residues 170-210) inferred
by homology to Hermes, which existence is corroborated by the impairment of self-
interaction in the vid22 F195A mutant. Thus, Vid22 has evolved from domestication

of a hAT DNA transposase to support genome stability and G-quadruplex regulation



in budding yeast. Because the human genome also encodes uncharacterised
proteins predicted to possess similar domain organisation and evolutionary origin,
research on Vid22 may pave the way for their study, besides providing novel

insights into G-quadruplex recognition and biology.



3 Aim of the Project

Genomic instability, denoting the occurrence of a wide spectrum of mutations in the
genetic material of a cell, entails physiological alterations driving ageing and
multiple diseases in humans. An endogenous threat to genome integrity is
represented by G-quadruplexes, secondary structures formed at numerous
naturally occurring G-rich nucleic acid sequences. G-quadruplexes have multiple
biological roles, so they cause detrimental effects linked to pathogenesis when their
homeostasis is perturbed. Specific spatio-temporal regulation of these non-
canonical architectures is accomplished by G-quadruplex interacting proteins,
which can act as structural stabilisers/destabilisers or effectors of G-quadruplex
functions. The characterisation of such proteins is, therefore, of fundamental
importance to clarify the physiological and pathological mechanisms associated
with these structures and develop effective therapeutic strategies. The study of G-
quadruplex regulation and the mechanisms preserving genome integrity, as well as
their relevance to human health, is greatly facilitated by the use of Saccharomyces
cerevisiae as a model organism. The attractiveness of employing budding yeast for
these purposes is due to its genetic tractability, rapid growth, and the conservation
of key factors involved in fundamental cellular processes in higher eukaryotes,
among other advantages. Multiple genetic screenings performed in budding yeast
identified VID22 as a factor involved in genome stability maintenance, as cells
experience endogenous DNA damage during unperturbed growth and accumulate
genetic aberrations in its absence. Vid22 is reported to contribute to the regulation
of chromatin organization both at promoters, in the presence of its two validated
physical interactors Tbfl and Env11l, and at double-strand DNA break sites to
facilitate repair, exclusively with Tbfl. Moreover, we recently showed that Vid22
binds DNA G-quadruplexes and counteracts their potential to induce genome
instability. However, this factor has not yet been fully characterised at the
biochemical and functional levels. Therefore, the main objective of this work was to
validate Vid22 recruitment at G-quadruplex DNA in vivo, exploring the relevance of
its computationally predicted DNA binding domain and its potential dependence on

other players in this context, with a particular focus on Tbf1. Our research also aims
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to clarify the molecular mechanisms underlying Vid22 role in genome protection at
G-quadruplexes and its broader cellular effects. To do so, [ adopted computational,
genetic, and molecular approaches involving both random mutagenesis screenings
and targeted mutation of Vid22 residues conserved among its homologues,
chromatin immunoprecipitation experiments coupled with quantitative PCR
analysis to address protein recruitment to particular DNA sequences, as well as co-
immunoprecipitation assays to analyse protein-protein interactions. These
phenotypes were correlated to genome stability through cellular sensitivity assays

to genotoxic agents and interpreted through in silico structural analyses.
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4 Introduction

4.1 Overview of genome instability

Genome instability reflects the incidence of mutations in any given genome over
time. Mutations are an important aspect in evolution, as they represent a source of
variability and are subjected to natural selectionl2. Such genetic alterations can
manifest themselves in different forms and magnitudes® (Figure I-1 D). For
instance, point mutations are the result of the substitution (i.e. transitions or
transversions), addition, or deletion of a single nucleotide3. Small
insertions/deletions, collectively referred to as indels, are represented by the
expansion or absence of short sequences3. Gross chromosomal rearrangements,
instead, comprise duplication or loss of extensive portions of chromosomes, as well
as translocations and inversions3. Finally, aneuploidies define changes in the
number of whole chromosomes?3 (Figure I-1 D). At the cellular level, the mutational
load can lead to unfaithful transmission of the genetic information, altered
metabolism, abnormal growth, and, ultimately, impaired viability (Figure I-1 E).
Genome instability characterises ageingl4-¢ and numerous human pathological
disorders, including most cancers?7-11 and rare genetic diseases, among which
Seckel syndrome, Ataxia telangiectasia, Nijmegen breakage syndrome, Fanconi
anemia, Xeroderma pigmentosum, Bloom and Werner syndromes, to name a few1.12-
14 (Figure I-1 E). In fact, genetic instability is not only a feature of tumorigenesis,
but also a causative event81115-18 Consequently, the research of both the factors that
increase genome instability and the cellular mechanisms aimed at its prevention or
suppression is of paramount importance for the rational design of effective
therapeutic strategies1920,

The integrity of the genome is constantly challenged by a multitude of
environmental factors and endogenous sources, which collectively induce different
DNA lesions (Figure I-1 A-B). Such exogenous and intrinsic agents can induce
chemical modifications to nucleotides (e.g. isomerisation, depurination,
depyrimidination, deamination, oxidation, alkylation, and formation of covalent

bonds with chemically active chemicals, Figure I-1 B).
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Figure I-1 - Genome instability is triggered by DNA lesions and counteracted by the DNA
damage response

Graphic summary of the sources and types of DNA lesions, of the genetic alterations
characterising genome instability and their consequences. (A) Organisms are continuously
exposed to a variety of endogenous (e.g. replication problems, reactive oxygen species) and
exogenous (e.g. ionising radiation, ultraviolet light, several chemicals) factors that can
threaten the integrity of the genome. (B) Endogenous and exogenous factors can
collectively induce different DNA lesions (e.g. chemical modification to nucleotides, single-
strand and double-strand breaks, intrastrand and interstrand crosslinks). (C) The DNA
damage response, comprising multiple molecular pathways (e.g. DNA damage checkpoint,
tolerance, and repair mechanisms), allows cells to perceive, bypass, or resolve DNA lesions,

ultimately trying to prevent damaged DNA from being converted into fixed mutations. (D)
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If the DNA damage response systems fail to properly counteract DNA lesions, then these
might be converted into a wide array of genetic alterations (e.g. point mutations, indels,
gross chromosomal rearrangements, aneuploidies). Genome instability refers to the
accumulation of such genetic alterations. (E) At the cellular level, the mutational load can
lead to genetic variability, altered growth and impaired viability. In humans, genome

instability is associated with senescence, cancer, and several genetic disorders.

In addition, exposure to these external and internal sources of DNA damage can lead
to establishment of covalent bonds between bases within the same DNA filament or
between opposite strands (ie. intrastrand or interstrand crosslinking), and to
ruptures of the phosphate backbone involving a single or both DNA chains (i.e.
single-strand and double-strand breaks, Figure I-1 B)13.2122, Extrinsic genotoxins
include both physical sources, such as ionising radiation and ultraviolet light, and a
plethora of chemical compounds!322 (Figure I-1 A). DNA can be damaged also by
physiological products, like reactive oxygen species, and during the normal DNA
dynamics, among which replication1322 (Figure I-1 A). Indeed, replication stress is
among the major endogenous sources of genomic instability1823-26,

Replication stress defines the condition in which the progression of the replication
forks is decelerated or stalled. This situation arises from a variety of conditions and
barriers. One of the most common causes of replication stress is the restriction in
the supply of deoxyribonucleoside triphosphate (dNTPs) substrates for DNA
polymerization during replication or repair processes!2327-29, The availability of
dNTPs can be affected, for instance, by treatment with a widely used drug,
hydroxyurea (HU)30. This small molecule primarily targets the ribonucleotide
reductase enzyme of various organisms, reversibly inhibiting the transfer of
electrons during the reduction of ribonucleoside diphosphates to their respective
deoxyribonucleotides3132, Besides dNTPs shortage, also the occurrence of hotspots
on the template acting in cis as obstacles during DNA synthesis, and dysfunctions in
trans-acting elements mediating genome dynamics are linked to the onset of
replication stress123.27-29, (js-acting elements that can hinder the movement of the
replication forks are heterogeneous, comprising not only the abovementioned DNA

lesions, but also ribonucleotides embedded in the DNA filament33-36, as well as non-
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nucleosomal proteins tightly bound to DNAS37-39. Moreover, replication stress is
observed at highly transcribed loci due to both clashes of the replicative and
transcriptional molecular machineries and the formation of R-loops, DNA:RNA
hybrids resulting from the annealing of the transcript to its DNA template40-47,
Additional hindering hotspots are repetitive sequences, which are prone to
instability despite their length4849, and non-canonical DNA structures, including Z-
DNA, triplex or H-DNA, hairpins, cruciforms, i-motifs, and, most relevant for this
work, G-quadruplexes®9-55, which will be described in greater detail in the following
section. Finally, several proteins participating in multiple biological processes act in
trans to suppress replication stress and genomic instability. In fact, the stability of a
genome depends on the proper functioning of: (i) proteins involved in replication
(e.g. DNA polymerases, helicases, nucleases, topoisomerases, and ligases), (ii)
chromatin factors (e.g. histone chaperones and modifiers, nucleosome remodelers),
(iii) cohesins and players involved in the structural maintenance of chromosomes,
(iv) proteins mediating mRNA biogenesis, processing, and export, (v) checkpoint
kinases and mediators, as well as (vi) factors involved in DNA damage tolerance and
repairl 232856,

Checkpoint, tolerance and repair factors are particularly beneficial for upholding
genome integrity as they can prevent replication stress or address the harms it may
entail. Indeed, these factors are considered to be the main players of the DNA
damage response because their combined activity allows cells to specifically
perceive, bypass and resolve the different kinds of lesions that are continuously
formed in DNA132257.58 (Figure I-1 C). Among the mechanisms involved in DNA
damage repair, which rely on the concerted activity of various proteins, several cell
cycle phase-specific pathways exist for repairing DNA double-strand breaks, with
error-free homologous recombination and error-prone non-homologous end
joining being the primary ones, whereas single-strand breaks are mended through
a dedicated pathway!3.2257, Nucleotide excision repair addresses bulky DNA adducts
capable of distorting the double helix, such as UV photoproducts and intrastrand
crosslinks, for the latter of which alternative repair mechanisms also exist1322.57,
Mismatch repair proteins correct mispaired nucleotides, and base excision repair

factors are dedicated to resolve small chemical alterations in DNA bases1322,57,
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Besides the above mentioned repair pathways, cells also possess additional systems
to temporarily bypass unrepaired DNA lesions during replication, including
translesion DNA synthesis performed by peculiar polymerases or template-
switching59-61,

Replication is a fundamental process for life propagation, yet it's inherently
vulnerable to complications and aberrations. Cells have thus evolved a network of
specific molecular pathways, including checkpoint factors and specialized
enzymatic activities, to perceive the insurgence of replication problems, stabilise
perturbed replication forks, and assist in their restart (e.g. by fork repriming,
reversal, degradation and backtracking)27.62-67, Undoubtedly, the main pathways
that protect the genome from insults resulting from DNA lesions, as well as by
challenges posed by DNA replication, are represented by DNA damage checkpoint
signal transduction cascades. DNA damage checkpoint proteins monitor the status
of the genome, and, in response to replication stress or DNA lesions, they coordinate
various metabolic processes—Ilike (i) local changes in the chromatin structure, (ii)
expression and activity of DNA repair factors, (iii) replisome stabilisation and
restart, and (iv) regulation of dNTP levels—with cell cycle progression and origin
firing1368-70_ Sensor proteins recognise the DNA structures that form as byproducts
of DNA damage or replication stress, including single-strand DNA and DNA breaks.
Then, evolutionarily conserved apical phosphatidylinositol 3-kinase-related kinases
(PIKKs, like Mecl and Tell in budding yeast, and ATM, ATR, and DNA-PKcs in
mammals) are activated and phosphorylate a number of protein substrates, like
adaptors (yeast Mrcl and Rad9 and human Claspin, MDC1 and 53BP1) and
downstream effector kinases (Rad53, Dunl and Chk1 in S. cerevisiae, CHK1 and
CHKZ2 in H. sapiens), effectively amplifying the signal13.68-74,

Nonetheless, when such mechanisms fail to properly rescue replication defects, DNA
polymerases may stall persistently, leading to desynchronization of the DNA
unwinding and synthesis processes and, thus, to the hazardous exposure of long
stretches of single-stranded DNAZ232867.75, Blocked forks may also regress, causing
the generation of a four-way DNA junction or cruciform, or, in the worst case,
collapse, leading to the formation of a DNA double-strand break?23.2867.75 Single-

stranded DNA, regressed forks, and DNA double-strand breaks represent the
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prevalent intermediates formed during replication stress that have the potential to
compromise genome integrity, for instance in cases when their sensing and proper
resolution are defective or when they are aberrantly processed by molecular
pathways not dedicated to their management!23. The identity of the intermediate
generated after the primary perturbation, the nature of the mechanism processing
such intermediate, and the phase of the cell cycle during which these events take
place, are among the factors that influence the specific types of genetic mutations
resulting from the failure to revert replication stress123,

In conclusion, it is evident that the mechanisms influencing genome stability are
complex and heterogeneous, warranting continuous investigation given their

significant implications for human health.
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4.2 Theyin and yang of G-quadruplex structures

As anticipated in the previous section, among the endogenous factors that can
potentially elicit DNA lesions and genomic instability, G-quadruplexes, also known
as G-tetraplexes (G4s), have aroused increasing interest from the scientific
community in the last decades>05376-78, G-quadruplexes are a peculiar class of
structurally heterogeneous secondary structures that can be formed by diverse G-
rich DNA or RNA motives. G-quadruplex-forming motives are usually characterised
by four stretches of at least two guanines, separated by loops of variable length,
generalisable in the G>2NxG>2NxG>2NxG=2 consensus’8-80 (Figure I-2 A). The original
concept that only canonical tetraplex architectures exist, formed at sequences
following the GaN1-7G3N1-7G3N1-7G3 rule (i.e. with three guanines per each G-tract and
with a maximum loop length of seven nucleotides, Figure I-2 A), has been surpassed
thanks to accumulating evidence of the presence in vivo of a variety of non-canonical
structures. Such non-canonical G-quadruplexes (e.g. structures with long loops,
bulges in the G-tracts, or vacant guanine spots filled thanks to snapback loops)?81.82
escape this conservative consensus motif which has been used by most algorithm
for the genome-wide prediction of the G-quadruplex forming potential®3, thus likely
leading to an underestimation of the actual count of these formations in the genome.
The G-quadruplex assembly results from the piling up, via -7 interactions, of two
or more planar tetradic arrangements, named G-quartets or G-tetrads, defined by
the interaction of four guanine bases, each from a distinct G-tract, through
Hoogsteen-type hydrogen bonds, forming a four-stranded right-handed helix78-80
(Figure I-2 B). The oxygen atoms of the guanine residues typically coordinate a
monovalent cation, which is placed in between the planar tetrads and, by
neutralisation of their electrostatic repulsion, results in different degrees of
structural stabilisation depending on the ion identity84 (Figure I-2 B). The intrinsic
stability, specific structure, and other properties of these tetrahelical architectures
are also influenced by the length of the contiguous guanine repeats forming the G-
tracts, as well as by the length and sequence composition of the intervening

loops85-90,
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Figure I-2 - G-quadruplex folds are structurally heterogeneous

(A) Canonical and non-canonical DNA or RNA motives that have the potential to fold into G-
quadruplexes. G-tracts or G-runs are constituted by at least 2, commonly 3, guanines (Gsz)
and intervening loops longer than 7 nucleotides have been observed (Nx). (B) A planar G-
quartet or G-tetrad is formed when four guanines, each from a distinct G-tract, interact
through Hoogsteen-type hydrogen bonds. The oxygen atoms of the guanines coordinate a
monovalent cation. The G-quadruplex or G-tetraplex is formed by the stacking of 2 or more
G-quartets. Loops L1, Lz, and L3 connect the G-tracts in the core structure. (C) Examples of
intramolecular G-quadruplex topologies. G-quadruplexes structures vary according to the
polarity of the phosphodiester backbone of the G-tracts (e.g. anti-parallel, parallel, hybrid)
and the directionality of the loops connecting the G-tracts (e.g. lateral, diagonal, propeller).
(D) Examples of intermolecular G-quadruplexes formed when the G-tracts are provided by

distinct nucleic acid strands (e.g. bimolecular, tetramolecular).

The extensive structural heterogeneity of these folds arises from the fact that G-
quadruplexes can display different topologies considering the polarity of the
phosphodiester backbone linking the guanines in the core structure (Figure I-2 C).
The parallel conformation is achieved when all the G-tracts share the same
directionality, whereas, in the anti-parallel configuration, two strands have opposite
orientations, leading either to the basket-type or to the chair-type tetraplexes79-81,
In the hybrid architecture, instead, a single strand has opposite orientation with
respect to the other three’?-81. The organizational variability of these tetrahelical
assemblies is further expanded by the directionality through which the loops
connect the four G-runs, which can be classified in diagonal, lateral or propeller8?.81
(Figure I-2 C). Moreover, G-quadruplexes can be polymorphic, such that the same
sequence can adopt more than one configuration in solution1-95, Finally, these folds
can be assembled from runs of guanines present on a single polynucleotide chain,
resulting in intramolecular structures, also known as uni- or mono-molecular G-
quadruplexes (Figure I-2 C), or provided by two, three or four different strands,
forming intermolecular multimeric structures, such as bi-, tri- and tetra-molecular
architectures, respectively792697 (Figure 1-2 D). These latter have been
comparatively less studied with respect to the former, due to difficulties in their

computational prediction and experimental detection, but which existence and
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relevance are increasingly acknowledged®’-192, Adding to the complexity of G-
quadruplex structures, also intermolecular DNA:RNA hybrid tetraplex assemblies
can be formed both co- and post-transcriptionally103.104,

The establishment of these non-conventional tetrahelical secondary structures in a
genomic context is in competition with the right-handed double helical structure of
B-form DNA78105, As a result, G-quadruplex folding is favoured during processes that
lead to transient exposure of single-strand DNA, for instance during transcription,
replication, and repair106-108, Actually, the dynamic equilibrium between the double-
stranded DNA form and the G-quadruplex fold is influenced by many intrinsic and
extrinsic factors81.108-113 Sequence-specific features and the context of the G-rich
motif—like (i) the type of nucleic acid, (ii) the number of G-tetrads, (iii) loop length
and composition, and (iv) the nature of the flanking regions—impact G-quadruplex
stability. Tetraplex formation is also affected by environmental parameters such as
(i) the species and concentrations of cations, (ii) temperature, (iii) pH, and (iv)
molecular crowding. Moreover, G-quadruplex folding is driven by the ease of DNA
denaturation, which depends on, for example, (i) DNA topology and supercoiling
state, and (ii) by nucleosome organization and chromatin accessibility. G-
quadruplex-interacting proteins play a particularly relevant role in the regulation of
the G-quadruplex landscape in vivo. To maintain the homeostasis of these
heterogeneous tetrahelical architectures, G-quadruplex-interacting proteins
collectively display a wide array of activities. The action of such proteins ranges
from promoting tetraplex folding and stabilisation (e.g. budding yeast Rap1, Hop1,
Est1l; mammalian nucleolin, thrombin, topoisomerases, TLS/FUS, LARK, APE1), or
recruitment of additional proteins to the structure (e.g. Rif1 in yeastand BRCA1, p53
and TRF2 in humans), to their destabilisation (e.g. yeast Cdc13, human POT1, ATRX,
MAZ), unwinding (e.g. fungal Pifl, Dna2, Sgs1l, mammalian RHAU/DHX36, BLM,
FANC], WRN, FEN1, XPD/XPB, RPA) and nucleolytic processing (e.g. Mrell,
Kem1/Xrnl in yeast or human GQN1)108114-127 Proteins able to interact with G-
quadruplexes bind these secondary structures with different specificities, for
instance displaying preferences towards certain topologies or non-canonical
architectures, and positions, such as by sitting on top of the tetrad stack, or

recognising the loops or groove of the structure!2>. The number of validated G-
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quadruplex-interacting proteins is in constant expansion, providing specific spatio-
temporal regulation of these structures in vivo in the context of multiple molecular
pathways127,

Through a combination of computational and experimental studies, G-quadruplexes
have been ubiquitously found in viruses128129, prokaryotes!30.131 and eukaryotes132-
136, and their distribution was correlated with functional regions. Indeed, in
eukaryotic genomes, tetraplexes are enriched at relevant sites and nucleosome-
depleted positions including (i) promoters, (ii) enhancers, (iii) origins of replication,
(iv) ribosomal repeats, (v) telomeric sequences, (vi) immunoglobulin switch
regions, (vii) positions corresponding to 5’ untranslated regions in messenger RNAs,
and (viii) splicing sites, among other loci?7.132135-142, Similarly to the nuclear DNA,
also the mitochondrial genome harbours numerous G-quadruplex-forming
sequences and provide favourable conditions for their folding143-146, Consequently,
these tetrahelical arrangements have the potential to regulate fundamental
biological processes78106,110,147,148 DNA G-tetraplexes can exert both stimulating and
inhibitory effects on transcription in a context-dependent manner, depending on
their position with respect to the transcription start site, their strand orientation,
and the identity of the recruited transcriptional regulatory proteins!49-153, Related
concepts in gene expression are nucleosome positioning, chromatin remodeling and
the establishment of epigenetic marks by histone post-translational modifications,
which have also been shown to be influenced by such secondary structures, as they
can mediate recruitment of key players or exclude nucleosome deposition139.152,154-
157 In addition, G-quadruplexes can act as signals for initiation of DNA replication,
by specification of replication origins and regulation of their binding by relevant
factors1>8-161, The abundant tetraplexes found in ribosomal DNA were proposed to
regulate processes related to cell growth and proliferation162163, Telomeric
tetrahelical architectures, easily formed in the single-stranded overhang, but also
present in the double-stranded upstream regions, can regulate elongation by
telomerase, possess protective capping functions against unwanted activity of
nucleases and mediate inter-telomeric chromosomal contacts for their structural
organization and tethering to the nuclear envelopel64-166, Moreover, G-

quadruplexes were correlated with genome organization within the nuclear volume,
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possibly by influencing higher-order chromatin architecture, mediating long-range
chromosomal interactions and chromatin loops, and participating in the definition
of topologically associating domains167-171, Lastly, DNA tetraplex assemblies were
shown to affect the function and efficiency of DNA repair pathways, modulating
recruitment of repair factors, for example positively affecting nucleotide excision
repair’7.172, To be comprehensive, it must be mentioned that the involvement of G-
quadruplexes in the regulation of biological processes extends to those formed in
RNA. Briefly, they have been found in different transcripts, both coding and
noncoding (e.g. messenger, telomere-associated, ribosomal, tRNA-derived stress-
induced, micro, PIWI-interacting, and long-noncoding RNAs), modulating RNA
biogenesis, processing, and localisation, as well as influencing translation,
alternative splicing, and polyadenylation, among other processes110.161,173-176,

Hence, unsurprisingly, genetic or chemical perturbation of tetraplex homeostasis,
due to mutations of regulatory proteins or treatment with stabilising ligands, is
linked to enhanced genome instability76-78148177.178 For instance, as mentioned
earlier, persistent G-quadruplexes sterically hinder the progression of the replisome
causing replication stress, which, if not properly resolved, can also lead to formation
of DNA double strand breaks160.179-182 (Figure I-3 A). Analogously, the movement of
the RNA polymerase may be stalled by the presence of a stabilised tetraplex
structure in its template strand, causing alterations in gene expression alongside
other repercussions147.150,153,183-185 (Figure I-3 B). In addition, an enduring G-
quadruplex in the coding strand can promote co-transcriptional R-loop formation,
resulting in the establishment of the G-loop structure and increased gene
transcription86-188 (Figure I-3 C). High steady-state levels of G-loop structures are
associated with DNA damage and enhanced genome instability187.188, Importantly,
in humans, G-tetraplexes have been correlated to cancer, ageing, and a multitude of
genetic and neurodegenerative diseases, like, for example, amyotrophic lateral
sclerosis and frontal-temporal dementia, as well as others pathologies previously
mentioned among those characterised by marked genetic instability126.162,173,189-202,
In particular, G-rich motifs able to fold into G-tetraplexes are significantly enriched
in oncogene promoters!37.203 and tumour cells bear a higher content of folded

tetrahelical assemblies compared to normal cells204,

23



A G-quadruplex-induced replication stalling

DMNA polymerase
™
<z :
I“x
leading strand 3¢, N ;
— S Helicase

Replication l
Genome instability t

lagging strand M/

B G-quadruplex-induced transcription stalling

coding strand Transcription 1

Alterations in gene expression
RNA polymerase g P
template strand

Le

C G-loop-induced alterations in gene expression and DNA damage
-

7

TSS \ T
Transcription
AN

/ Genome instability 1'

\‘R—Iul:‘p

Figure I-3 - Chemical or genetic perturbation of G-quadruplex homeostasis enhances
genome instability

Persistent G-quadruplexes, due to chemical stabilisation or mutations in G-quadruplex-
interacting proteins, can cause replication stress, alterations in gene expression and DNA
damage. (A) G-quadruplexes on both the leading and the lagging strands have the potential
to sterically hinder the progression of DNA polymerases, inducing replication stress, and
enhance genome instability. (B) G-quadruplexes on the template strand can block the

movement of RNA polymerases, hampering gene transcription, and alter gene expression.
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(C) G-quadruplexes on the coding strand can promote co-transcriptional R-loop formation,
resulting in the G-loop structure, and increase gene transcription. High steady-state levels

of G-loop structures are associated with DNA damage and enhanced genome instability.

Moreover, stabilization of certain topologies of telomeric G-quadruplexes was
shown to inhibit telomerase activity165166.205-208 Sych and additional evidence have
revealed the potential of these non-canonical secondary nucleic-acid structures as
molecular targets both for cancer diagnosis and therapeutics. Consequently, a great
effort is devoted to design effective and structure-specific G-quadruplex binders, as
well as to discover novel factors regulating their metabolism and gain mechanistic
insights into tetraplex biology. Indeed, the catalogue of G-quadruplex ligands is
consistently growing209210, in the search for those potentially useful in cancer
therapy?11.212, One of such compounds is the aromatic 5,10,15,20-tetra(N-methyl-4-
pyridyl)porphin, abbreviated as TMPyP4, which has been shown to selectively bind
and stabilize a variety of tetraplex structures, including those found at human
telomeres and in the c-Myc promoter, with antitumor activity213-227, and has been
widely used despite some controversies regarding its mechanisms of action,
affinities for different DNA G-quadruplex topologies and effect on RNA
tetraplexes?8226.228-233 [n contrast to the plethora of studies dedicated to the
development of drugs interacting with G-quadruplexes, relatively few of their
regulatory proteins have been mechanistically or biochemically characterised120.122,
The study of G-quadruplex-interacting proteins is not only biologically significant
but also holds therapeutic relevance, providing an alternative to the direct targeting
of these miscellaneous DNA structures, allowing for the exploitation of their
evolutionarily selected specificity122124,

Overall, the multitude of structures and functions associated so far with G-
tetraplexes adds an additional layer of biological complexity, presenting both an
opportunity to modulate cellular processes and a potential source of complications
that may lead to mutations and pathologies, thus substantiating the necessity for
their research, especially, but not only, to elucidate the mechanisms behind the
prevention, formation, and resolution of the DNA damages induced by G-

quadruplexes, and dissect their contribution in physiology and disease.
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4.3 Identification of S. cerevisiae VID22 as a genome instability suppressing

gene

To date, considerable progress has been made in the identification of human genes
related to the maintenance of the integrity of the genome®23, and their inventory is
continuously being updated. Nonetheless, our knowledge about the mechanisms
and players related to genome instability suppression is still incomplete234, The
study of processes preserving genome stability, and of the aetiology of human
diseases that arise upon failure of such mechanisms, has been delayed due to the
difficulties of working with mammalian systems, for example because of the
limitations in performing genetic screenings?34. Despite these limitations being
partially surmounted by the recent advent of the CRISPR/Cas9 technology?23>, the
use over the last decades of the ascomycete Saccharomyces cerevisiae as a model
organism has allowed to overcome some of the constraints associated with animal
models. The effectiveness of using budding yeast in research relates to (i) the
evolutionary conservation of a fair number of its proteins and molecular
mechanisms in higher eukaryotes, (ii) the efficiency of its transformation and
genetic manipulation, and (iii) the development of a vast repertoire of accessible
experimental techniques and assays to probe fundamental biological aspects such
as genome stability maintenance?234236-246_ This microscopic single-celled eukaryote
has a compact 16-chromosome genome which encodes ~6000 genes and is roughly
1/500 of the size of the human genome. Budding yeast has simple and affordable
growth requirements. In addition, the investigation of the phenotypic effect of
mutations and the performance of genetic analyses is facilitated by this yeast’s
ability to live in both haploid and diploid states, its propensity to integrate
exogenous sequences in the genome via homologous recombination, and its capacity
to carry and propagate plasmids24’. Budding yeast can also be instrumental in the
investigation in vivo of the biological roles of G-quadruplex structures248.

Owing to the heterogeneity of the processes leading to genome instability and
involved in its suppression, the experiments devoted to the discovery of related
factors, especially in yeast, are diverse, and provide complementary and partially
overlapping results depending on the specific design of the assay?243249, The onset

and extent of genetic instability can be assessed by monitoring either (i) the loss of
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genetic markers due to gross chromosomal rearrangements, (ii) the rate of
accumulation of particular mutations or (iii) the incidence of variations in the length
of the telomeric sequence, in a collection of knockout mutant strains compared to
the wild-type yeast19234250-258 Dijrect evaluation of the mutational landscape on a
genome-wide scale in cells in which certain gene functions have been removed can
be achieved by whole-genome sequencing?>®. The occurrence of perturbations
potentially challenging the integrity of the genome can also be inferred by detection
of the biomarkers indicative of the activation of checkpoint pathways in response to
DNA damage?#° or by following the formation of microscopically-visible subnuclear
foci due to accumulation of specific proteins or post-translational modifications in
consequence of the induction of DNA double-strand breaks, which are instrumental
for their repair260-262, Lastly, the existence of differences in the fitness of strains in
which a single gene has been disrupted with respect to double-mutant yeasts with
the combined absence of another gene, revealed by synthetic genetic arrays, can be
informative of functional interactions among the factors involved in genome
stability maintenance?40. While the identification of nearly all non-essential S.
cerevisiae genes associated with suppressing genomic instability has been
essentially accomplished, a thorough functional and biochemical characterisation is
still lacking for a number of them19234,

VID22 (Vacuolar Import and Degradation 22, YLR373C), found on chromosome XII
and encoding a 901-residues-long protein, is one of such cases. Indeed, the
involvement of this gene in safeguarding genome integrity was evidenced by
multiple independent genetic screenings. Our research group performed a synthetic
genetic array screen based on the galactose-inducible overexpression of DDCZ in
haploid yeast knockout strains carrying start-to-stop deletions of all nonessential
open reading frames. We found that DDC2 overexpression combined to VID22 gene
deletion produced clones exhibiting a reduced colony size, indicative of synthetic
dosage fitness defects263. Ddc2, also known as Lcdl or Piel, the yeast putative
homolog of human ATRIP, is an essential protein physically interacting with the DNA
damage checkpoint apical kinase Mec1 and contributing to its activation upon DNA
lesions or replication stress264-266, The overexpression of DDCZ does not affect the

vitality of unperturbed cells, unless in the presence of DNA lesions, when it impairs
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yeast survival by leading to prolonged cell cycle arrest due to hyperactivation of the
DNA damage checkpoint response and persistent Rad53 phosphorylation267.
Therefore, only the mutant clones experiencing spontaneous endogenous DNA
damage as a consequence of the deletion of a genome maintenance gene, like vid22A
cells, are sensitized to DDC2 overexpression and exhibit defective fitness263. A
distinct genome-wide synthetic genetic interaction screen aimed at the discovery of
players involved in the DNA damage checkpoint and, specifically, participating in the
rescue of stalled replication forks, revealed that the combination of the deletion of
MUS81, or MMS4, with the absence of VID22 causes cell death?68, The two former
gene products, also known as SIx3 and SIx2, homologs of human MUS81 and EME1,
respectively, constitute the subunits of a heterodimeric structure-selective
endonuclease reported to function during DNA repair, able to ensure proper
metabolism of recombination intermediates and involved in the cleavage of
substrates formed by arrested replication forks269-272, Moreover, in an additional
work cataloguing genes required to maintain genome structure, two
complementary assays, based on marker loss due to spontaneous mutagenesis,
detected chromosome instability in cells depleted of VID2219. VID22 knockout
mutants were also shown to be prone to gross chromosomal rearrangements in
three analogous assays based on marker loss, indicative of its role in suppressing
genome instability?34. The final publication I wish to bring to attention here
employed a synthetic genetic array-high content screening strategy, based on the
automated imaging of DNA damage foci marked by the repair factor Rad52 fused to
GFP, for the discovery of non-essential genes participating in the DNA damage
response262, Cells lacking VID22 manifested elevated levels of Rad52-GFP foci,
denoting the formation of DNA double-strand and single-strand breaks, exposure of
stretches of single-strand DNA, and activation of the homologous recombination
pathway?260.273274 in combination with SGSI deletion262. Sgs1—an ATP-dependent
3’-5’ DNA helicase belonging to the RecQ-like family and homologous to human BLM,
ABCG4 and WRN—has multiple roles in genome integrity maintenance27>, being
required during replication stress to prevent collapse of stalled replication
forks1.243.276-279  participating in the processing of homologous recombination

intermediates243.272.280.281 and having the ability to unfurl G-quadruplex folds282.283,
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The existence of a negative genetic interaction between VID22 and SGS1, MUS81-
MMS4 or any other gene, in the context of the worsening of genome instability
phenotypes, may be indicative of their functional interconnection, as it can be
explained by at least three possible scenarios?43. The gene products operate in
distinct parallel redundant pathways to mend DNA in response to the same kind of
lesion (i.e. the biochemical model)243. Alternatively, one protein works to repair the
DNA damage, whereas the other either inhibits the onset of the injury itself (i.e. the
suppression/repair model) or prevents its aberrant downstream processing (i.e. the
damage/response model)?43. Indeed, the BioGRID biomedical interaction
repository, constantly compiling data on physical and genetic interactions, reports
a collection of over 400 gene products potentially related to Vid22 function?84. These
comprise factors annotated to be involved in DNA damage checkpoint, repair,
transcription, and chromatin remodeling processes, as well as those participating in
mitochondrial, ribosomal, and telomeric functions.

Collectively, these data establish the importance of Vid22 in maintenance of
genomic integrity, reporting it as a factor engaged in preventing impairments during
replication or homologous recombination, and which activity is necessary to avoid
the spontaneous onset of DNA damage and accumulation of severe genetic
alterations at the intersection of different molecular pathways, but do not provide

insights on the mechanistic details about its function.
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4.4 Vid22 and its physical interactor Tbfl are implicated in multiple

processes compatible with the preservation of genomic integrity

The physical interactions between proteins are intricately linked to their cellular
function and provide insights into the organization of biochemical pathways. To
date, the BioGRID database reports 17 proteins involved in diverse functions that
may directly associate with Vid22284 However, the only two validated physical
interactions are with Vid22 uncharacterised paralog Env11, arising from a whole-
genome duplication event that occurred around 10 million years ago during the
evolutionary history of the Saccharomycotina subphylum?8>, and the general
regulatory factor Tbf1286-291" Env11, encoded by YGR0O71C, was named late
ENdosome and Vacuole interface function due to its potential involvement in
vacuolar functions292293, Tbf1 (expressed from YPL128C), which stands for TTAGGG
repeat-Binding Factor 129, recognizes this motif, thanks to a C-terminal DNA-
binding Myb domain (related to human TRF1 and TRF2, subunits of the shelterin
complex involved in telomere protection)294-296, within subtelomeric anti-silencing
regions and telomeric repeats294297.298, At these loci, Tbfl displays different
modulatory roles involved in maintenance of telomere length, including control of
chromatin structure and insulation, telomeric ends capping, and regulation of
telomerase recruitment294298-303_ This helix-turn-helix transcription factor, able to
homodimerise3%3, also binds its consensus sequence present in the majority of the
promoters of small nucleolar RNA genes and other genes involved in ribosome
biogenesis, where it allows to boost their expression298304-306, These RNAs
participate in the chemical processing of both ribosomal and small nuclear RNAs to
regulate ribosomal and spliceosomal biogenesis and functions307.308, Thf1 is also
found at over 130 additional promoter sequences3%4, where it colocalizes
specifically with both Vid22 and Env11, and affects histone occupancy promoting
formation of a nucleosome free region3%4. Indeed, Tbhfl was recognised to act as a
weak nucleosome displacing factor, able to effectively prevent nucleosome
deposition when multiple Tbfl motifs are located closely, but not over a single
binding site3%9. Vid22 and Env11, instead, were implicated in stabilising Tbfl

binding to chromatin both at promoters and at subtelomeres304310, Although Tbf1,
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Vid22, and Env11 binding at several promoters is validated, precise quantification
of their impact on gene expression, for instance by RNA-sequencing, is still lacking.
Whereas TBF1 is fundamental to support cell viability311, possibly because of its
essential transcriptional regulatory role rather than its functions at
telomeres298304312 hoth VID22 and ENV11 are dispensable for yeast survival.
Nonetheless, the absence of VID22 negatively impacts cell growth efficiency312.313,
Additionally, deletion of VID22, but not of ENV11, causes hypersensitivity to a
variety of genotoxic compounds263312314315_among which (i) G-quadruplex
stabilizing ligands (e.g. TMPyP4), (ii) drugs inducing DNA double-strand breaks (e.g.
bleomycin and phleomycin), (iii) molecules causing replication stress (e.g.
hydroxyurea), (iv) DNA-alkylating agents (e.g. methyl methanesulfonate, MMS), (v)
crosslinkers (e.g. formaldehyde), and (vi) reactive oxygen species (e.g. H202)—
possibly indicative of a Vid22-specific and Envl1l-independent role in the
maintenance of genome stability. Furthermore, it was reported the existence of a
temperature-sensitive mutant tbf1-2 allele, insensitive to DNA alkylation or
breakage upon exposure to MMS or phleomycin and, vice versa, a different tbf1-3
mutant allele able to grow at restrictive temperatures but not in presence of the
same genotoxic agents312. On top of that, the artificially diminished expression of a
hypomorphic TBF1 allele, containing a deletion in the 3’ untranslated region of its
messenger RNA, in a vid22A background worsens the growth impairments observed
in the individual mutants?86. These data are compatible with Tbfl having a Vid22-
associated non-essential function in preserving genome integrity, genetically
separable from its essential role312,

A link with between Vid22, Tbf1, epigenetics and genome stability may be evinced
by the presence of Hst3 histone deacetylase at the same genomic locations316. The
three proteins form an independent meta-assemblage and seem to bind the same
TAGGG(C/T) consensus usually found at promoter midpoints, about 150-200 bp
upstream of the transcription start site316. Hst3, and its redundant paralog Hst4, are
involved in the deacetylation of H3-K56 throughout most of the genome317.318, 3
modification established on newly synthesized histone H3 molecules during S phase
by the acetyltransferase Rtt109, along with the histone chaperones Asfl and Vps75,

before their incorporation into chromatin31°-325, The regulation of this histone
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modification influences chromatin compaction326-328, as well as checkpoint
signalling in response to DNA damage and replication stress329, as denoted by the
phenotypes of hst3A hst4A double mutants having a striking resemblance to those
arising in absence of VID22 in terms of high incidence of spontaneous DNA damage,
elevated genomic instability, hypersensitivity to genotoxic stress and synthetic
lethality in combination with SGS1 deletion317.318321,330,331  Acetylated H3-K56
accumulates at the sites of DNA damage thanks to Mec1-mediated Hst3 targeting for
proteolytic degradation, allowing proper checkpoint signal transduction,
stabilisation of stalled replication forks, and recruitment of DNA repair and cohesion
factors332, Therefore, when either acetylation or deacetylation are defective, this
modification no longer identifies locations of DNA lesions, thereby impairing
damage sensing and repair332. Curiously, a positive genetic interaction was detected
between VID22 and VPS75, as their combined absence alleviates the defects of the
single mutants333, suggestive of either suppression or masking mechanisms, usually
arising when the gene products act in the same or in an alternative, yet related,
pathway?333.334,

Moreover, Vid22 and Tbfl were localised at sites of induced DNA double-strand
breaks and directly associated with chromatin remodeling during processing of the
broken ends by both the homologous recombination and the non-homologous end
joining pathways, ultimately increasing repair efficiency312. Briefly, vid22A and tbf1-
3 mutants showed strong negative interactions upon phleomycin-induced DNA
double strand break generation with key repair factors (including homologous
recombination specific RAD51 and RAD52 and non-homologous end joining related
DNL4), as well as with players involved in nucleosome mobilisation (like ARP8, RSC2
and SWR1)312, They were also characterised by reduced 5-3’ end resection and
impaired recruitment of Mrell during homologous recombination, as well as
defective Dnl4 recruitment and relegation of the broken ends during non-
homologous end joining312. Curiously, the combination of the temperature and DNA
damage sensitive tbf1-1 allele with deletion of RPD3, encoding a histone H3 and H4
deacetylase335, rescues cell sensitivity to genotoxic agents but not the temperature
sensitivity312, reinforcing the link between Tbfl non-essential role in genome

stability maintenance and regulation of histone acetylation336. Vid22 recruitment to
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the break sites, but not to promoters, necessitates the presence of the Sgs1 helicase,
which is particularly relevant for the maintenance of the integrity of the ribosomal
DNA array?262. Intriguingly, the genomic loci bound by Vid22 show significant
overlap with sequences predicted to form G-quadruplexes262263 and, in fact, we
showed that Vid22 functions to prevent G-quadruplex-dependent genome

instability263, which will be discussed in greater detail in the following paragraph.
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4.5 Vid22 suppresses G-quadruplex-induced genome instability

Following the identification of VID22 from the genome-wide screen for synthetic
dosage fitness defects with DDC2 overexpression, our research group collaborated
to characterise vid22A phenotypes?63. Firstly, we observed constitutive
phosphorylation of both Ddc2, activator of DNA damage checkpoint apical kinase
Mec1, and of the checkpoint effector kinase Rad53, denoting the spontaneous onset
of endogenous DNA lesions in the absence of VID22. Moreover, vid22A cells exhibit
an altered cell cycle distribution, with a significant fraction of clones blocked in the
G1 phase, which is not only due to checkpoint activation. Visual analysis of
chromosome profiles by pulsed field gel electrophoresis in distinct independently
isolated populations of yeast cells lacking VID22 revealed frequent and variable
genomic abnormalities compatible with duplication of whole chromosomes and
gross chromosomal rearrangements. Sequencing of genomic DNA from aberrant
clones detected smaller duplication/deletion events occurring at over 200 loci,
significantly overlapping or close to both computationally predicted and
experimentally verified intramolecular G-quadruplexes. Accordingly, the
mitochondrial genome, telomeres, and the ribosomal DNA array, which are enriched
in G-tetraplex structures, exhibit high genetic instability in vid22A cells, which tend
to have lower copies of mitochondrial DNA (in agreement with a previous
publication?59), longer telomeric ends?2¢3, and altered ribosomal DNA repeats262337,
Consistently with our data, a parallel work monitoring genomic alterations caused
by the deletion of non-essential yeast genes reported the insurgence of aneuploidies,
instability of the CUPI repetitive locus, and several secondary mutations in cells
lacking VID22%5%. Through an assay allowing to estimate gross chromosomal
rearrangement rates based on marker loss associated to the presence of specific
sequences, we observed a ~15-fold increase in the frequency of marker loss in
vid22A cells only when combined with the insertion of G-quadruplex forming
motives, whereas in envliIA mutants, the rate of rearrangements was
indistinguishable from that of wild-type cells independently of the potential of the
sequence to fold into tetraplexes263. Therefore, it's apparent that cells devoid of

VID22 experience problematic complications during unperturbed growth,
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especially linked to G-quadruplex structures, causing endogenous DNA damage, and
ultimately leading to genomic alterations of variable magnitude.

We also mapped Vid22 binding sites genome-wide, which mostly fall in promoters
and other intergenic regulatory regions, and confirmed their significant overlap or
proximity to predicted G-quadruplexes263, as was previously reported262. To
validate these results, additional assays were performed. Focusing on one mutation
hotspot in the promoter sequence of SKN7, we demonstrated the folding in vitro of
the non-canonical potential G-tetraplex forming sequence by the profile of the
thermal difference spectrum. The thermal difference spectrum of the G-quadruplex
forming sequence in SKN7 promoter, obtained by recording the ultraviolet
absorbance spectra of the unfolded and folded states at temperatures above and
below its melting temperature, displays the characteristic negative peak at 295 nm
and positive values at about 240 nm and 270 nm?338339, similarly to the parallel G-
quadruplex formed by the yeast telomeric sequence in presence of potassium
ions263. The specific binding of the anti-DNA G-quadruplex structures antibody BG4
to the wild-type SKN7 promoter and yeast telomeric sequences provides additional
evidence of their folding into tetrahelical arrangements?63. In accordance, purified
Vid22 specifically interacts with the G-quadruplexes formed by the SKN7 promoter
and yeast telomeric sequences, showing no binding towards their mutated forms
designed to abolish G-tetraplex formation. Similarly, Vid22 is enriched at the G-
quadruplex forming locus in SKN7 promoter in vivo, as revealed by chromatin
immunoprecipitation coupled to quantitative PCR analysis, yet it's virtually
undetectable at the G-quadruplex mutated locus.

In summary, these findings suggest that Vid22 interacts with naturally occurring
loci predisposed to forming DNA G-quadruplex structures, thereby mitigating their
potential to induce genetic instability263. Nonetheless, further research is needed to
elucidate the mechanistic details of Vid22 role in safeguarding genome integrity at
sequences folding into G-tetraplex architectures. Moreover, a possible Tbfl

involvement in G-quadruplex metabolism has not been addressed yet.
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4.6 Vid22 protein sequence is predicted to be related to hAT transposable

elements, like human ZBEDs

Vid22 evolutionary history, its molecular mechanisms, and the identity of its
candidate human homologs, may be hinted from the in silico prediction of Vid22
domains. The InterPro integrated database, collecting annotations about protein
families and functional domains, and allowing knowledge transfer to
uncharacterised sequences thanks to predictive diagnostic models349, reports that
Vid22 contains a single N-terminal BED-type zinc finger (IPR003656, residues 66-
122) and a central RNase H-like superfamily domain (IPR012337, residues 276-682,
Figure I-4). The BED domain is present, as a singular instance or in multiple copies,
in over 24 thousand entries encoded in the genomes of about 2500 eukaryotic
species, including fungi, plants and metazoans340. Its appellative derives from the
name of two proteins that were found to contain such domain, that are D.
melanogaster's BEAF (boundary element- associated factor) and DREF (DNA
replication-regulated element binding factor), insulators interacting with chromatin
boundary elements and involved in the regulation of gene expression34l. The
domain is described to fold in a B-B-o secondary structure from sequences
approximately 50 to 60 amino acid long, characterised by a specific pattern of Cys
and His residues. The latter are organized in a CX2CXnHX3-5[H/C] signature and
predicted to be involved in chelation of a Zn?* ion responsible for stabilizing the
structural arrangement, with aromatic residues, like Trp, Phe, and Tyr, upstream of
the motif341. This metal-coordinating fold, evolutionarily derived from the larger
class of Cys2-His2 Zn finger domains342-347, is proposed to mediate DNA interactions
because it is present in characterised DNA-binding proteins34l, and indeed it was
demonstrated for some cases348-350, The BED domain might also participate in
protein-protein interactions, akin to certain Cysz-Hisz Zn fingers342345351-358 [p
addition to being present in transcriptional regulators, for instance in those
involved in the regulation of chromatin structure, the domain is found in all
transposases of the hAT family35°.

The RNase H-like superfamily domain constitutes the catalytic fold present in all

nucleic acid-processing enzymes of this clade sharing a common ancestry360.361,
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Figure I-4 - Vid22 and ZBEDs share a similar predicted domain organisation with
respect to Hermes, an active hAT DNA transposase

Schematic representation of S. cerevisiae Vid22, M. domestica Hermes DNA transposase, and
H. sapiens ZBED1, ZBED4, ZBED5, and ZBED6 protein sequences, annotated of the BED-type
Zn finger (BED, IPR003656), Hermes transposase DNA-binding domain (DBD, IPR018473
or SSF140996), RNase H-like superfamily (RNH-like, IPR012337), and C-terminal hAT
dimerisation domain (hAT, IPR0O08906 or PF05699).

The RNase H-like superfamily, owing its name to the first protein from E. coli in
which this polypeptide chain architecture was observed362:363, is also known as the
retroviral integrase superfamily and comprises approximately 1 million of
evolutionarily related gene products, belonging to over 45 thousand viral, bacterial,
and eukaryotic genomes340. These proteins retain barely detectable, if any, sequence
similarity, displaying disparate functions and having different substrate
specificities, but still possessing striking structural and mechanistic resemblances,
owing to analogies of the global three-dimensional architecture and the
arrangement of the catalytic core360.361, The RNase H-like fold is characterised by a
mixed five-stranded (-sheet, flanked and interrupted by a-helices with varying
positions and arrangements3¢0.361, The initial three strands exhibit an anti-parallel
orientation, typically proceed without any insertions, and are usually followed by a
conserved a-helix, while the shorter fourth and fifth strands run parallel to the first

strand?360.361, Typically, this fold is connected to other functional domains that play
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roles in nucleic-acid binding, provide other enzymatic activities, and/or mediate
protein-protein interactions, including self-interactions, as certain retroviral
integrase proteins are reported to function as homodimers360.361, Despite the high
level of sequence divergence between member of this superfamily, the identity and
position of the catalytic amino acids is fairly conserved, especially for the first ones.
These catalytic residues, which are involved in coordinating divalent metal cations
essential for catalysis, typically are an Asp placed in strand 1, Asp/Glu/His in 34 or
in the a-helix preceding the last  strand, and Asp/Glu/His placed after the fifth
strand, normally in the C-terminal a-helix360.361, Proteins with an active RNase H-
like fold carry out two broad categories of reactions, such as nicking of a nucleic acid
filament by hydrolytic cleavage of a phosphodiester bond and strand-transfer
involving rejoining of the broken filament at a different locus30. Retroviral integrase
superfamily members include resolvases, DNA transposases, DNA polymerases,
reverse transcriptases, helicases, and deadenylases, besides exonucleases,
endonucleases, and integrases, classified in over 150 families and implicated in
multiple cellular processes, such as DNA replication and repair, homologous
recombination, transposition, splicing and RNA interference360.361,

Curiously, the SUPERFAMILY sequence search algorithm assigns Vid22 RNase H-like
domain to the Hermes transposase-like family (E-value 0.044)364365 after a highly
characterised Musca domestica transposase (Figure [-4) for which the crystal
structure has been determined3>0.366-369, This family of cut-and-paste DNA
transposable elements and their derived proteins is also called DD[E/D], from the
identity of the residues constituting the catalytic triad of the RNase H-like domain,
or hAT, after three famous active members, namely the hobo element from
Drosophila melanogaster, the Activator element from Zea mays, and the Tam3
element from Antirrhinum majus359370-372, hAT elements form an ancient, large,
diverse, and wide-spread eukaryotic protein family, which includes both active
autonomous class Il transposases, catalysing excision and mobilisation of their
encoding sequence, and related inactive sequences from fungi, plants, and
animals359373-377_ Notably, within this family, there is a number of examples of
proteins that, over the course of evolution, were co-opted to acquire significant

functions for the host genome through a process referred to as domestication or
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exaptation349.374378-392 Active and domesticated hAT transposases usually form
dimers and oligomers349.367.368393 'and are characterised by (i) an N-terminal BED
domain, followed by (ii) a specific DNA binding domain, also mediating
homodimerisation (DBD), and (iii) the catalytic RNase H-like domain with a 31-32-
B3-al-B4-a2/3-B5-a4-a5 secondary structure3>2367.368371 (Figure I-4). The latter is
occasionally interrupted by an additional non-conserved domain after the fifth §3-
strand, commonly larger than 250 residues and participating in self-
interaction359367.368371 Although all hAT members analysed so far possess a BED
domain conforming to the signature presented earlier and involved in DNA
interaction, its general sequence varies according to the small subterminal repeats
flanking the ends of the transposon sequence, which are specific to each
element359373, The same variability is observed in the second DNA binding domain,
which crucially participates in dimerisation of Hermes through intertwining o-
helices and presents few conserved residues including a Pro-Phe couple preceded
by Leu/Ile/Val residues and positively charged Arg amino acids compatible with
DNA contacts359373, By contrast, three regions of the RNase H-like fold display
relatively high sequence conservation because of their fundamental structural and
functional importance: one spanning the initial B-strand and including the first
catalytic carboxylate, the second encompassing the a-helices separating strands 34
and (35 with a distinguishable CxxH and RW motives, and finally the three C-terminal
a-helices with a Trp couple and the third catalytic residue in an ERF motif359.373,
These latter represent the most conserved region among hAT elements359373,394,395
and were identified as being required for the self-association of certain
proteins393.396397  leading to the annotation of the hAT family C-terminal
dimerisation domain (i.e. IPRO08906, Figure 1-4)340. However, in the Hermes
structure, these C-terminal helices are, in fact, crucial for maintaining the overall
architecture of the transposase3¢7-369, Nonetheless, this feature is recognized in
Vid22 (PF05699, residues 799-878, Figure 1-4)340, reinforcing its relationship with
hAT members, as well as in other ~54 thousand entries of approximately 2000
species, mainly eukaryotic340.

Standard homology searches based on sequence similarity do not detect any Vid22

homolog outside the Saccharomycotina subphylum, unsurprisingly, given the
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divergence of RNase H-like and hAT members despite their evolutionarily
relationship359-361373, [ndeed, the rationale for identifying domesticated hAT
proteins is the preservation of one or more domains characteristic of such
transposon family3>°. Therefore, candidate human homologs may be identified by
structural similarity as those proteins sharing the same BED, RNase H-like and hAT
annotations. Interrogation of the SUPERFAMILY database for entries from the
human proteome with predicted BED-type zinc finger domains, Hermes-like RNase
H folds, or hAT dimerisation features finds 6, 17, and 5 hits, respectively364365,
Among these, the best candidates are ZBED proteins 1, 4, 5 and 6, displaying all of
the three annotations384 (Figure I-4). ZBEDs are hAT domesticated sequences384398,
which roles in human cells are still poorly characterised, as denoted by the relatively
few related articles published so far. ZBED1, also known as hDREF, is the most
studied. It was reported to self-associate through its C-terminal hAT region in order
to be imported in the nucleus and bind the promoters of genes encoding ribosomal
proteins and factors involved in cell proliferation with a positive transcriptional
regulatory role mediated by its SUMO ligase activity influencing nucleosome
remodeling393399-401 ZBED6 was published to work as a nucleolar transcription
factor in mammals, negatively modulating the expression of many genes and, thus,
globally influencing cell proliferation, organism development and growth380, ZBED4
function is less clear. It’s a retinal protein found in human cone photoreceptors and
glial Miller cells distributed between the nuclear and cytoplasmic
compartments#*02403. As ZBED1, it also dimerises through its C-terminus to reach
the nucleus3?3. Most interestingly, in vitro experiments probing its nucleic acid
binding properties revealed that it preferentially recognises G-rich sequences+04,
some of which having the potential to fold into G-quadruplex structures. To date,
ZBEDS is still uncharacterised. Other possibly related elements are ZNF618, which
only lacks the prediction of the BED domain. On the contrary, the BED domain is the
only common feature detected in ZBED2 and ZBED3, whereas the remaining ZBEDs,
namely number 7, 8, and 9, group with other proteins predicted to have only the
Hermes-like RNase H fold, such as FAM200A, FAM200B, GTF2IRD2A, GTF2IRD2B,
KIAA1568, MYM, PRDM11, THAP12, and ZNF862.
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Therefore, Vid22 is computationally predicted to be evolutionarily derived from a
hAT transposase, analogously to mammalian ZBEDs, among which potential
functional homologs might be present. However, neither the extent of biochemical
similarities with hAT transposases nor the functionality of Vid22 predicted domains

has been explored yet.
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5 Results and Discussion

5.1 Vid22 DNA binding is partially mediated by its BED-type zinc finger

Vid22 is a DNA-binding protein acting to prevent the spontaneous rising of
unrestrained genomic instability in the budding yeast model system19.234.262,263,268
and, in particular, able to interact with G4 structures?263. Yet, the molecular details of
its role remain unresolved. Understanding the nature of a protein's interaction with
DNA provides useful functional insights and an important contribution to our
knowledge of cellular and biochemical processes. It may also hold practical
implications for biotechnology and therapeutic interventions122.124 Therefore, to
unravel the complexity of Vid22-DNA interactions and better characterise its
nuclear function in genome protection, we aimed to identify the protein domain
responsible for the observed interaction with G-quadruplex structures.
Bioinformatics resources, dedicated to the functional analysis of protein sequences,
predict that a portion of Vid22 N-terminus (residues 66-122) folds into a BED-type
zinc finger domain (IPR003656)349, identified in silico in DNA transposases and
chromatin regulatory proteins of multiple species of fungi, plants, and animals341.
The BED finger, which has a putative DNA binding function, is characterised by a
signature motif formed by a pair of Cys and a pair of His, closely spaced and preceded
by aromatic residues34l. These conserved Cys and His dyads, corresponding to
Vid22 positions €87, C90, H110, and H115, are expected to be involved in
coordination of a Zn?* ion341, which is essential for stabilizing the (-f-a secondary
structure typical of the large class of Cysz-Hisz Zn finger domains342-346, from which
the BED finger is evolutionarily derived34’. Consequently, to elucidate the functional
significance of this predicted domain, we distorted Vid22 BED finger by targeted
mutagenesis of the metal-chelating residues. Cys to Ala or to Arg substitutions have
been shown to hamper the function of the BED and other Cys2-His2 type zinc finger
domains349405406 npossibly by disrupting the fold. Furthermore, His to Tyr mutation
in the Cys2-His2 zinc finger of the yeast Adrl transcription factor prevents DNA
binding*%7. In addition, the same kind of substitution in the Cys2-His2 zinc finger
domains of several human transcription factors occurs significantly more frequently

than expected in skin cutaneous melanoma34e.

42



Accordingly, I examined the in vivo effect of C87A C90R H110Y H115Y mutations
affecting Vid22 BED finger. I thus generated the desired mutations in vitro on a
pVID22:VID22-Myc construct, cloned in a centromeric plasmid and subsequently
transformed in vid22A haploid cells, to isolate vid22 BED mutant (vid22 BED).
Firstly, [ assessed by ChIP-qPCR the recruitment of the Myc-tagged vid22 C87A C90R
H110Y H115Y mutant protein at a subset of target loci on different chromosomes,
previously identified by Vid22 ChIP-seq2¢3 (Figure 1 A-E). The selected Vid22
binding sites include both loci containing computationally predicted and/or
experimentally verified potential G quadruplex-forming motives!32135 (G4, Figure 1
A-C) and devoid of such sequences (Figure 1 D-E). These loci fall in the promoter
region of various genes (pSKN7, pMAM3-pGBP2, pRRP42, pSKG6-pPEX28), except for
the G-tetraplex in chromosome IX, which is found in the terminal region of the RPR2
gene (tRPRZ). As a reference, samples obtained from vid22A complemented with
Myc-tagged wild-type Vid22 (Vid22) and the negative control carrying the empty
vector (empty) were also analysed. As a result, whereas Vid22-Myc is enriched at
the selected sequences approximately 10 to 20-fold above background signal, the
ability of the BED mutant to bind DNA is reduced on average of ~70% with respect
to the wild-type at every locus (Figure 1 A-E). Importantly, the reduced enrichment
of vid22 C87A C90R H110Y H115Y (vid22A + vid22 BEDMy¢) was not due to a
diminished accumulation of the protein, which levels are comparable to the wild-
type Myc-tagged form encoded in the same plasmid (vid22A + Vid22Myc) as shown
by Western blot analysis (Figure 1 F). These data imply that, unexpectedly,
mutation of the BED-type zinc finger considerably affects, but does not abolish,
Vid22 binding to all tested sequences, irrespective of the presence of a potential G-
quadruplex, suggesting that this domain is not specific for interaction with these
tetrahelical architectures. To further explore the relevance of the BED domain for
Vid22 function at G-tetraplexes, I verified whether the partial loss of the DNA
binding function displayed by vid22 BED mutant would be sufficient to heighten cell
sensitivity to the G-quadruplex stabilising ligand TMPyP4, towards which cells

deleted of VID22 are sensitive?263,
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Figure 2 - Partial DNA binding of vid22 BED mutant is sufficient to retain tolerance to
G-quadruplex stabilisation

(A-E) ChIP-gqPCR of wild-type Vid22 or mutated in BED domain at three G4-forming132135.263
(G4, A-C) and two non-G4 (D-E) loci. ChIP was performed in wild-type cells transformed
with the empty vector (empty, strain YGE877), vid22A complemented with Vid22-Myc
(Vid22, strain YFL3902), and vid22A complemented with vid22 C87A C90R H110Y H115Y-
Myc (vid22 BED, strain YFL3904) with 9E10 Myc antibodies. Fold enrichment at the
different loci was calculated relative to HHTZ internal standard. Data are represented as
mean * standard error of N=3 independent experiments and the p-value of pairwise t-tests
is indicated (p>0,05 n.s.; p<0,05 *; p<0,01 **; p<0,001 ***). (F) Western blot analysis of the
levels of wild-type Vid22 or mutated in BED domain. Total proteins were extracted from
normalised cultures of Vid22-Myc (Vid22My¢, strain YFL3870), vid22A complemented with
Vid22-Myc (vid22A + Vid22Mye, strain YFL3902), and vid22A complemented with vid22
C87A CO0RH110Y H115Y-Myc (vid22A + vid22 BEDMye, strain YFL3904) grown in plasmid-
selective media. The blot was incubated with 9E10 Myc antibodies. The arrow points to the
expected band. Ponceau staining is shown as loading control. Representative blot of N=3
independent experiments. (G) Sensitivity of vid22ZA complemented with wild-type Vid22 or
mutated in the BED domain, compared to vid22A. Curve of the normalized optical density
from vid22A transformed with the empty vector (vid22A + empty, strain YGE880), vid22A
complemented with Vid22-Myc (vid22A + Vid22, strain YFL3902), and vid22A
complemented with vid22 C87A C90R H110Y H115Y-Myc (vid22A + vid22 BED, strain
YFL3904) grown in plasmid-selective media supplemented with 100uM TMPyP4. Data are
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represented as mean # standard error of N=2 independent experiments and the p-value of

pairwise t-tests is indicated (p>0,05 n.s.; p<0,05 *; p<0,01 **; p<0,001 ***),

Cell sensitivity to G-quadruplex stabilisation was estimated by monitoring the
optical density of a culture of vid22A cells complemented either with Myc-tagged
wild-type Vid22 (vid22A + Vid22) or vid22 BED mutant (vid22A + vid22 BED), or the
empty vector (vid22A + empty), growing in plasmid-selective media supplemented
with 100uM TMPyP4 (Figure 1 G). The curve of the normalized optical density from
cells expressing vid22 BED mutant resembles that from cells complemented with
wild-type Vid22, reflecting that the growth of both strains is comparably affected by
TMPyP4 treatment (Figure 1 G). The growth of vid22A cells carrying the empty
plasmid, instead, is significantly affected by G-tetraplex stabilisation, as expected?263
(Figure 1 G). Thus, despite the recruitment to DNA of vid22 BED mutant being
diminished, cells can still endure G-quadruplex stabilisation.

These findings provide compelling evidence supporting a general DNA binding
function of this annotated domain, and only a marginal role in mediating the
protein's interaction with G-tetraplexes in vivo. This possibility is supported by the
observation that purified vid22 C87A C90R H110Y H115Y is still able to bind the
tetrahelical secondary structures formed by the G-rich motives in the SKN7
promoter and of the yeast telomeric sequences in vitro263, Potentially, other portions
of the protein might engage in interaction with the B-form of DNA, which would
support the residual enrichment observed at the various loci, and a distinct region
may be more specific for the binding to G-quadruplex structures. In fact, members
of the hAT family, to which Vid22 is computationally assigned to364365, generally
possess a second DNA binding domain downstream of the BED359.367.368371
Alternatively, the BED domain could be involved in protein-protein contacts, as was
shown for some Cys2-Hisz Zn finger proteins interacting with other transcription
factors345355-358, [f Vid22 recruitment to DNA relies on BED-mediated physical
association with other proteins, and this interaction is impaired by mutation of the
Cys and His dyads, it would explain the diminished enrichment of the mutant.
Indeed, Cysz2-Hisz zinc finger proteins are documented to operate both

autonomously and to engage in cooperation with other DNA-binding proteins345.
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Therefore, to discriminate between these two possibilities, we questioned whether

other proteins could be involved in mediating Vid22 recruitment to DNA.
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5.2 Vid22 recruitment to G-quadruplexes is required for Tbf1 binding and is
Sgs1-independent

During the characterisation of Vid22 role in genome protection, in parallel to the
attempt to identify Vid22 domain responsible for G-quadruplex interaction, we
sought to discern whether Vid22 operates independently in binding DNA or if it
relies on the involvement of other physical interactors to mediate its recruitment,
or, alternatively, if it acts as part of a larger protein complex.

In a previous work, it was evidenced by ChIP-qPCR that Vid22 recruitment to both
sides of an induced targeted DNA double-stranded break was completely abolished
in the absence of the ATP-dependent RecQ-like 3’-5° DNA helicase Sgs1262,
Conversely, Vid22 binding at selected promoters, both lacking and containing G-
tetraplex forming sequences, was shown to be Sgsl-independent?62, Moreover,
several high and low throughput works detected a negative genetic interaction
between SGS1 and VID22, as summarized in the BioGRID database#%8, For instance,
it was found that their combined gene deletion exacerbates the formation of DNA
damage foci, impairs stability of the ribosomal DNA array, and severely aggravates
cell sensitivity to genotoxic stress induced by hydroxyurea and MMS compared to
the single mutants262, suggesting a possible interconnected role in genome stability
maintenance. Vid22 is not known to physically interact with Sgs1, but because the
latter is involved, both directly and by recruiting a variety of factors, in a multitude
of nuclear processes, acting on a wide range of DNA substrates, and, in particular, it
is able to unwind G-quadruplex folds?7’5, we sought to explore a possible
interconnection between Vid22 and this helicase in prevention of G-tetraplex
associated genome instability. Therefore, I tested if Sgsl is required for Vid22
recruitment at the representative G-quadruplex forming locus in the promoter
region of the SKN7 gene on chromosome VIII (G4 pSKN?7). This locus was chosen
because we confirmed that the non-canonical G-rich motif embedded in the
promoter (chrVIIl:512269-512329)132 folds into a G-quadruplex in vitro, and
showed that purified Vid22 specifically binds this sequence but not its mutated form
in which few crucial guanines are substituted to cytosines abolishing the formation
of the secondary structure (G4 mutated)?263. Similarly, Vid22 recruitment at this

locus in vivo depends on the ability of the sequence to form a G-tetraplex?263.
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Curiously, proximal regions, downstream to the site of the G-quadruplex, are
frequently altered in vid22A clones263. In fact, the G-quadruplex forming sequence,
but not its G4 mutated form, causes a significant increase in gross chromosomal
rearrangement frequency in vid22A cells, indicating that the genetic instability is
dependent of the establishment of the tetrahelical fold263. Curiously, despite its
recruitment at the SKN7 promoter, Vid22 does not seem to be involved in SKN7
transcriptional control. In fact, I also verified that, during unperturbed exponential
growth, there is no significant difference in the quantity of the SKN7 target in the
total RNAs extracted and retrotranscribed from the pSKN7 G4 mutated or vid22A
strains, compared to that in the wild type (Figure 2 A-B), despite Vid22 not being

enriched at the mutated sequence?263.
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Figure 2 - Vid22 does not affect SKN7 expression

(A) SKN7 expression in the strain mutated in the G4-forming G triplets in SKN7 promoter as
indicated in Figure 4 B (pSKN7 G4 mutated, strain YGE1014), relative to its expression in
the wild type (wild type, strain BY4741). SKN7 expression was normalised over HHTZ
internal standard. Data are represented as mean * standard error of N=3 independent
experiments and the p-value of pairwise t-tests is indicated (p>0,05 n.s.; p<0,05 *; p<0,01
**; p<0,001 ***). (B) SKN7 expression in vid22A Tbf1-Myc (vid22A, strain YGE671) relative
to its expression in the wild-type (wild type, strain BY4741). SKN7 expression was

normalised over HHTZ internal standard. Data are represented as mean + standard error of
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N=3 independent experiments and the p-value of pairwise t-tests is indicated (p>0,05 n.s.;

p<0,05 *; p<0,01 **; p<0,001 ***).

Hence, for all these reasons, the G-quadruplex locus in the SKN7 promoter could
serve as a representative model through which we could gain comprehensive
insights into Vid22 role in genome protection at these secondary structures. I thus
performed ChIP-qPCR experiments to assay the binding at this locus of a Myc-tagged
version of Vid22 when SGS1 is deleted (Vid22 sgs1A) with respect to wild-type
conditions (Vid22; Figure 3 A). Vid22-Myc is enriched in a comparable manner in
the two samples, ~25-fold over background (Figure 3 A), indicating that
recruitment of Vid22 at this locus is unaffected by the absence of SGS1.
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Figure 3 - Vid22 recruitment at the G4 locus in SKN7 promoter is Sgs1-independent

(A) ChIP-qPCR of Vid22 at the G4-forming!32263 locus in pSKN7 (G4 pSKN?7) in presence or
in absence of SGS1. ChIP was performed in wild-type cells (no tag, strain BY4741), Vid22-
Myc (Vid22, strain YGE651.2) and Vid22-Myc sgsIA (Vid22 sgs1A, strain YFL2987) with
9E10 Myc antibodies. Fold enrichment was calculated relative to HHTZ internal standard.
Data are represented as mean + standard error of N=3 independent experiments and the p-
value of pairwise t-tests is indicated (p>0,05 n.s.; p<0,05 *; p<0,01 **; p<0,001 ***). (B) ChIP-
gPCR of Sgs1 at the G4-forming!32263 Jocus in pSKN7 (G4 pSKN?7) in presence or in absence
of VID22. ChIP was performed in wild-type cells (no tag, strain BY4741), Sgs1-Myc (Sgs1,
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strain YFL2955) and Sgs1-Myc vid22A (Sgsl vid22A, strain YFL2994) with 9E10 Myc
antibodies. Fold enrichment was calculated relative to HHTZ internal standard. Data are
represented as mean # standard error of N=3 independent experiments and the p-value of

pairwise t-tests is indicated (p>0,05 n.s.; p<0,05 *; p<0,01 **; p<0,001 **¥*),

We questioned whether Sgs1 may bind the G-quadruplex in SKN7 promoter in the
absence of VID22. Consequently, I also investigated by additional ChIP-qPCR assays
the recruitment at this locus of Myc-tagged Sgs1 in a wild-type background (Sgs1)
or combined with VID22 deletion (Sgs1 vid22A), compared to the negative control
(no tag; Figure 3 B). There is no statistically significant difference in the signals from
the tested strains, denoting that Sgs1 is not enriched at the G4 pSKN7 locus in any of
the tested conditions (Figure 3 B). Consequently, despite the existence of a strong
genetic interaction between VID22 and SGS1 in the context of the maintenance of
genome stability262312 it is noteworthy that this helicase is not recruited at the G-
tetraplex fold in SKN7 promoter during unperturbed exponential growth, not even
in the absence of VID22, when the secondary structure acquires mutagenic
potential?63. Additionally, Vid22 recruitment at the same locus appears to be Sgs1-
independent, consistent with the observations made for other promoters262, Based
on these findings, we postulate that Sgs1 may play a parallel non-redundant role in
maintaining genome integrity at a distinct subset of genomic G-quadruplexes or be
implicated in other conditions.

We next considered other potential factors that might be relevant in Vid22
recruitment to DNA, especially for its binding at the representative G-quadruplex
forming locus in SKN7 promoter. Publicly available and our unpublished genome-
wide data reveal that Vid22 colocalizes with its nonessential paralog Env11 and the
essential telobox-containing general regulatory factor Tbfl at over a hundred
promoters, both associated with and deprived of potential G-quadruplex forming
sequences, including the SKN7 promoter, displaying overlapping
annotations262263,304316 (Figure 4 A). Furthermore, the ability of the three proteins
to physically interact forming a stable complex is well established?86-291, Because
Tbf1l is known to bind at TAGGG core consensus sequences294297,298,304,316,409,410

through a C-terminal Myb-type helix-turn-helix DNA-binding domain29
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(IPR017930)340, and pSKN7 contains two such Tbfl consensus binding sites
embedded in the G-quadruplex motif, Vid22 and Env11 binding to this locus might
be primarily dependent upon Tbf1 interaction and/or the TAGGG tracts. In fact, it
was shown that the related Myb-domain in Rap1 can recognize TGGG repeats both
in the canonical B-DNA and when folded into G-tetraplexes*!l. We chose to centre
our investigation on the analysis of Vid22 and Tbf1 in this context, temporarily
excluding Env11. Despite Env11 being able to complex with Vid22 and Tbf1, env114
cells show no increase in the sensitivity to genotoxic stress263.312 nor they exhibit
gross chromosomal rearrangements dependent on G-quadruplex forming
sequences?63, suggesting that this protein has a minor or no impact on preserving
genome stability. Therefore, as an approach to explore the extent of Vid22 reliance
on Tbf1 for its recruitment, we opted for mutagenesis of the TAGGG motifs, in the
attempt to abolish direct Tbf1 recruitment and genetically dissect the requirements
for their binding. By means of the Delitto Perfetto strategy412413, | disrupted both
Tbfl TAGGG binding sites in SKN7 promoter by mutagenesis of the first bases in
TCGGG and CCGGG, respectively, thus maintaining unaltered the ability of the
sequence to form the G-tetraplex (TBS mutated; Figure 4 B).
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B ChrVill:512267-512329 (63 bp)

wild type: TAGGGCtaacacaagtataagcaGGGttttgotataaTAGGGaAtQocataagtQaGGacaGas
TBS mutated: TOGGGECtaacacaagtataagcaGGEGtttigctataalCGEGatgocataagtgaGGheacat
G4 mutated: TAGGGctaacacaagtataagcaGGGttttgctataaTAGCGatgocataagtgaGlGraGah

TBS-G4 mutated: TOGGGCtaacacaagtataagcabGhttttgotataalCGlGatgocataagtgaGliGraGas
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Figure 4 - Vid22 recruitment at SKN7 promoter is G4-dependent and supports Tbf1-
DNA binding

(A) S. cerevisiae ChrVIII:511.500-513.300 genomic region with gene annotations centred
over Vid22262263316, Thf1304316 and Env11262 ChIP peaks. The position of TATA elements414,

of the G4132, of the chromosomal alterations in vid22A strains263 and of the qPCR amplicon
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analysed in this work is also shown. (B) Sequence of the G4-forming motif in pSKN7. The G
triplets available for G4 folding are highlighted in yellow. The Tbf1 consensus binding sites
are underlined. The mutations designed to target Tbfl consensus binding sites (TBS
mutated) or to abolish G4 formation (G4 mutated) are red coloured. (C) ChIP-qPCR of Vid22
at the wild-type G4-forming!32263 locus in pSKN7 (wild type) or mutated in the Tbfl
consensus binding sites (TBS mutated), in the G4-forming G triplets (G4 mutated), or with
the combined mutations (TBS-G4 mutated). ChIP was performed in wild-type cells (wild
type no tag, strain BY4741), Vid22-Myc (wild type Vid22, strain YGE651.2), cells mutated in
Tbf1 consensus binding sites in pSKN7 (TBS mutated no tag, strain YFL3770), Vid22-Myc in
the same background (TBS mutated Vid22, strain YFL3793), cells mutated in the G4-
forming G triplets (G4 mutated no tag, strain YGE1014.2), Vid22-Myc in the same
background (G4 mutated Vid22, strain YFL2922), cells mutated both in Tbfl consensus
binding sites and the G4-forming G triplets (TBS-G4 mutated no tag, strain YFL3797), and
Vid22-Myc in the same background (TBS-G4 mutated Vid22, strain YFL3800) with 9E10
Myc antibodies. Fold enrichment at the different loci was calculated relative to HHT2
internal standard. Data are represented as mean * standard error of N=3 independent
experiments and the p-value of pairwise t-tests is indicated (p>0,05 n.s.; p<0,05 *; p<0,01
**; p<0,001 ***). (D) ChIP-qPCR of Tbf1l at the wild-type G4-forming!32263 locus in pSKN7
(wild type) or mutated in the Tbf1 consensus binding sites (TBS mutated), in the G4-forming
G triplets (G4 mutated), or with the combined mutations (TBS-G4 mutated). ChIP was
performed in wild-type cells (wild type no tag, strain BY4741), Tbfl-Myc (wild type Tbf1l,
strain YGE654.1), cells mutated in Tbfl consensus binding sites in pSKN7 (TBS mutated no
tag, strain YFL3770), Tbfl-Myc in the same background (TBS mutated Tbf1, strain
YFL3794), cells mutated in the G4-forming G triplets (G4 mutated no tag, strain YGE1014.2),
Tbf1-Myc in the same background (G4 mutated Tbf1, strain YGE1033), cells mutated both
in Tbfl consensus binding sites and the G4-forming G triplets (TBS-G4 mutated no tag,
strain YFL3797) and in Tbf1-Myc in the same background (TBS-G4 mutated Tbf1, strain
YFL3801) with 9E10 Myc antibodies. Fold enrichment at the different loci was calculated
relative to HHTZ internal standard. Data are represented as mean * standard error of N=3
independent experiments and the p-value of pairwise t-tests is indicated (p>0,05 n.s;

p<0,05 *; p<0,01 **; p<0,001 ***),

[ also combined these mutations with the base substitutions designed to abolish G-

quadruplex folding (TBS-G4 mutated; Figure 4 B) and independently tagged both
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Vid22 and Tbfl with the Myc epitope in both backgrounds to perform ChIP-qPCR
experiments. To complete the analysis and explore what effect would the mutation
of the G-quadruplex alone (G4 mutated; Figure 4 B) have on the binding of Tbf1,
since it abolishes Vid22 enrichment?263, the above-mentioned strains were tested by
ChIP-gPCR in parallel to those expressing either Vid22-Myc or Tbf1-Myc both in the
G-tetraplex mutated and in the wild-type backgrounds, along with their no tag
controls Figure 4 C-D). The Vid22-Myc samples showed approximately 30-fold and
20-fold enrichment at the wild-type and TBS mutated SKN7 promoter sequences
over their respective background signals (Figure 4 C), indicating that Vid22-Myc
can bind both loci in vivo, despite being partially but not significantly affected by the
mutation of the TAGGG sites maintaining the G4 folding potential unaltered. Tbf1-
Myc is enriched ~40-fold at wild-type SKN7 promoter and ~20-fold at TBS mutated,
implying that the mutation of the binding consensus significantly hampers, but does
not abolish, Tbfl recruitment (Figure 4 D). Because neither Vid22 nor Tbfl
recruitment is abolished in the TBS mutated conditions, the observed enrichment
likely results from the sole contribution of the G4 assembly. Instead, mutagenesis of
the guanines involved in G-quadruplex formation (G4 mutated), leaving one Tbf1
binding site unaltered (Figure 4 B), virtually abolishes Vid22-Myc recruitment263
(Figure 4 C) and severely impairs, yet does not prevent, Tbf1-Myc binding, which
displays a decreased enrichment to about 10-fold over background (Figure 4 D).
Finally, when the mutations disrupting Tbfl binding consensus sequence are
combined with those abolishing G-tetraplex folding (TBS-G4 mutated), neither
Vid22-Myc nor Tbfl-Myc are detectable at the locus by ChIP-qPCR (Figure 4 C-D),
indicating that their binding in vivo is completely abolished. These data would
exclude the possibility of Tbfl being responsible for the recruitment of Vid22,
because if this were the case, Vid22 would still be enriched at the G4 mutated locus,
where Tbfl is present. It might be, however, that the ChIP-qPCR assay is not
sensitive enough to detect the residual binding of Vid22. Alternatively, these results
may indicate that Vid22 is important for stabilising the binding of Tbf1 to chromatin,
as previously suggested3%4. Therefore, taken together, these data support the
interpretation that G-quadruplex folding, and not the exact nucleotide sequence, is

the major determinant for Vid22 and Tbfl recruitment at the SKN7 promoter and
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that, probably, Vid22 maintains Tbfl bound to DNA. Similarly to what observed in
the G4 mutated condition, additional ChIP-qPCR experiments revealed that, in a
vid22A background, Tbf1-Myc enrichment at wild-type SKN7 promoter is severely
impaired compared to wild-type conditions (Figure 5 A), despite its increased
transcript and protein levels, evaluated by qPCR and Western blot, respectively
(Figure 5 B-C), reinforcing the model in which Tbf1 is stabilised at the locus by G-

quadruplex-dependent recruitment of Vid22.
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Figure 5 - Tbf1 recruitment at the G4 locus in SKN7 promoter is severely affected in
absence of VID22

(A) ChIP-qPCR of Tbf1 at the G4-forming!32263 Jocus in pSKN7 (G4 pSKN7) in presence or in
absence of VID22. ChIP was performed in wild-type cells (no tag, strain BY4741), Tbfl-Myc
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(Tbfl, strain YGE654) and Tbf1-Myc vid22A (Tbfl vid22A, strain YGE671) with 9E10 Myc
antibodies. Fold enrichment was calculated relative to HHTZ internal standard. Data are
represented as mean # standard error of N=3 independent experiments and the p-value of
pairwise t-tests is indicated (p>0,05 n.s.; p<0,05 *; p<0,01 **; p<0,001 ***). (B) TBF1
expression in vid22A Tbf1-Myc (vid22A, strain YGE671) relative to its expression in the wild-
type (wild type, strain BY4741). TBF1 expression was normalised over HHTZ internal
standard. Data are represented as mean + standard error of N=3 independent experiments
and the p-value of pairwise t-tests is indicated (p>0,05 n.s.; p<0,05 *; p<0,01 **; p<0,001
*¥%), (C) Western blot analysis of the levels of Tbf1 in presence or in absence of VID22. Total
proteins were extracted from wild-type cells (no tag, strain BY4741), Tbfl-Myc (Tbf1Myc,
strain YGE654), Tbfl-Myc vid22A (TbflMye vid22A, strain YGE671). The top blot was
incubated with 9E10 Myc antibodies, the bottom blot with Pgk1 antibodies. Pgk1 was used

as loading control. Blot of N=3 independent experiments.

A compatible explanation could be that Vid22 only exists bound to Tbfl and the
Vid22-Tbfl complex is recruited to G-quadruplexes with a genome-protective
function, giving the signal observed in the TBS mutated background, whereas the
fraction of Tbf1 not bound to Vid22 can recognise TAGGG sites in B-DNA throughout
the genome and carry out its essential Vid22-independent role, unrelated to genome
stability maintenance312, accounting for the residual Tbfl binding observed in the
G4 mutated or vid22A scenarios. Yet, since Vid22 and Tbf1 can physically interact,
but mutation of Tbfl TAGGG binding consensus is not enough to abolish its
recruitment, the phenotypic analysis of strains expressing Vid22 mutant proteins
unable to interact with Tbf1 may possibly help to dissect their binding requirements
and clarify their individual contributions to the maintenance of genome stability at

G-quadruplexes.
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5.3 Vid22-Tbfl interaction is partially compromised by BED domain

mutations and completely abolished by C-terminal deletions

Due to the ambiguity regarding the relationship between Vid22 and Tbfl
recruitment, complex formation, and the specificity towards either B-DNA or G4
interaction, we strived to obtain Vid22 mutants that disrupt the physical interaction
between these two proteins, in the effort to facilitate the dissection of their
individual contributions to genome protection, in particular at the level of G-
tetraplex structures. At the time, no bioinformatic, structural, or experimental data
providing details of Vid22-Tbf1 interaction were available. Nonetheless, Vid22 BED
domain might mediate the interaction with Tbfl, as some Cys2-Hisz fingers are
reported to be involved in protein-protein contacts342345351-358  Therefore, to
further explore the relevance of this domain and possibly discriminate its role
towards protein or DNA binding, I assayed the interaction of Myc-tagged Vid22 BED
mutant with Flag-tagged Tbf1 through co-IP experiments (Figure 6).
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Figure 6 - Mutation of Vid22 BED domain partially impairs its interaction with Tbf1
Western blot analysis of co-IP experiments of wild-type Vid22 or mutated in the BED

domain with Tbfl. Normalised protein extracts of Vid22-Myc (Vid22Myc, strain YFL3902),
vid22 BED-Myc (vid22 BEDMye, strain YFL3904), Vid22-Myc Tbfl-Flag (Vid22Mye Tbf1Fls,
strain YGE1071.1), and vid22 BED-Myc Tbf1-Flag (vid22 BEDMyc Tbf1Flag, strain YGE1073.1)
were incubated with M2 Flag antibodies. Blots were incubated individually with M2 Flag
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(top panels) or 9E10 Myc (bottom panels) antibodies. The arrows point to the expected

bands. Representative immunoblots of N=2 independent experiments.

Protein extracts derived from vid22ZA Tbfl-Flag cells complemented with a
centromeric plasmid expressing either vid22 C87A CO90R H110Y H115Y-Myc (Tbf1
vid22 BED) or Vid22-Myc (Tbfl Vid22) were incubated with anti-Flag-conjugated
beads. Samples from Tbf1l-untagged negative control strains (vid22 BED and Vid22)
were analysed in parallel to confirm specificity of the interaction. Subsequently, the
co-immunoprecipitated fraction was subjected to Western blot analysis using anti-
Myc antibodies (Figure 6). Notably, Myc-tagged vid22 BED mutant consistently co-
precipitates with Tbfl-Flag to a lesser extent compared to wild-type Vid22-Myrc,
despite the levels of both proteins in the input fractions being comparable (Figure
6). These results imply that the interaction between vid22 BED mutant and Tbf1 is
partially compromised in vivo. If Vid22 depends on Tbfl for its recruitment to
TAGGG DNA sequences and mutation of the BED domain impairs their physical
interaction (Figure 6), it could explain the overall reduction in DNA enrichment
observed in the previous ChIP experiments (Figure 1 A-E). However, this
interpretation contrasts with the evidence from the ChIP experiments at the G4
mutated SKN7 promoter, at which Vid22 is not present despite Tbfl recruitment
(Figure 4 C-D), unless Vid22 can only be found in complex with Tbf1 and the Vid22-
Tbf1 complex is specifically recruited by G-quadruplex structures. Therefore, Vid22-
Tbf1l complex formation and their recruitment to DNA seem to be intimately linked,
encouraging the search for Vid22 mutants unable to interact with Tbf1 to clarify the
interplay between these two proteins and B-/G4-DNA interactions.

Therefore, to identify Vid22 mutants that would abolish interaction with Tbfl, we
considered adopting a random mutagenesis strategy based on the following
rationale. On one hand, Tbfl was proposed to possess both an essential function,
potentially unrelated to Vid22, in transcriptional regulation304312 as well as a non-
essential role associated with Vid22 and linked to genome stability
maintenance286312, On the other hand, it had been previously observed in our
laboratory that overexpression of VID2Z2 in a haploid background has a detrimental

effect on cellular viability. While the precise cause of the observed phenotype
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remains uncertain, we formulated the following hypothesis. Given the documented
physical interaction between Vid22 and Tbf1286-291 and the requirement of a
balanced protein complex stoichiometry for the execution of proper biological
function, we reasoned that the cytotoxicity resulting from VID22 overexpression
might be attributed to the sequestration of free Tbfl by the excess of Vid22
molecules. As a result, this interference could potentially hinder the execution of
Tbf1 essential function. Consequently, we envisaged that Vid22 mutants which do
not induce toxicity upon overexpression may have lost their ability to interact with
Tbf1. To isolate VID2Z2 alleles non-lethal upon overexpression, we thus conducted a
genetic screening in which its coding sequence was first subjected to random
mutagenesis through PCR, employing unbalanced dNTP concentrations. Taking
advantage of the efficiency of the yeast homologous recombination system, the
mutated sequences were subsequently cloned in vivo in a centromeric plasmid
under the control of a strong Gal-inducible promoter, and N-terminally tagged with
the HA epitope. Cells which reconstituted these vectors were then plated on a
galactose-containing medium to stimulate overexpression. Approximately 150
strains viable under overexpression conditions were further examined by Western-
blot analysis to evaluate the dimension and abundance of mutant proteins. The six
strains producing mutant proteins of a size and to a level comparable to that of the
wild-type protein were chosen for vector extraction and sequencing (Figure 7 A),
whereas the other strains produced mutant proteins with an exceedingly lower
molecular weight and/or at a reduced level compared to that of the wild-type. The
only two full-length mutants recovered in the screening, vid22 #29 and #44,
displayed 8 and 10 missense mutations, respectively, because of single nucleotide
changes resulting in the coding of a different amino acid during translation, which
may have completely altered Vid22 structure and/or function and were thus
ineligible for the dissection of the contribution of each mutation to the phenotype
(Figure 7 A). A frame-shift mutation, due to a single-nucleotide deletion in VID22
gene, characterises mutant #76, having an altered sequence from residue 834 and

truncated of the last 61 amino acids (Figure 7 A).
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Figure 7 - Vid22 alleles non-toxic upon overexpression produce full-length proteins
with several substitutions or truncated proteins with few substitutions

(A) Schematic representation of wild-type Vid22 protein or of the randomly mutated
variants obtained from the screening for alleles non-toxic upon overexpression, annotated
of the predicted BED-type Zn finger (BED, IPR003656), RNase H-like superfamily (RNH-like,
[PR012337) and C-terminal hAT dimerisation domain (hAT, PF05699). Nonsynonymous
substitutions generated in vid22 mutants are reported. (B) Yeast sensitivity to
overexpression of VID22 or the randomly mutated alleles evaluated by spot assay. Log-
phase wild-type cells transformed with the empty vector (empty, strain YGE722.1),
transformed with the overexpression vector of wild-type Vid22 (Vid22, strain YGE723.1) or
of the randomly mutated variants vid22 #8 (strain YFL3376), vid22 #29 (strain YFL3377),
vid22 #36 (strain YFL3378), vid22 #44 (strain YFL3379), vid22 #69 (strain YFL3380), or
vid22 #76 (strain YFL3381) were diluted to an optical density at 600 nm (ODsoo) of 0,06 in
H>0 and spotted, along with three 10-fold serial dilutions, on solid plasmid-selective media
with 2% glucose as a control (control) or 2% raffinose, 2% galactose to induce allele
overexpression (induced). The plates were photographed after 3 days of incubation at 28°C.
Representative outcome of N=3 independent experiments. (C) Western blot analysis of the
levels of wild-type Vid22 or of the randomly mutated variants obtained from the screening
for alleles non-toxic upon overexpression. Total proteins were extracted from normalised
cultures of wild-type cells transformed with the empty vector (empty, strain YGE722.1),
transformed with the overexpression vector of wild-type N-terminally HA-tagged Vid22
(Vid22, strain YGE723.1) or of the randomly mutated variants vid22 #8 (strain YFL3376),
vid22 #29 (strain YFL3377), vid22 #36 (strain YFL3378), vid22 #44 (strain YFL3379),
vid22 #69 (strain YFL3380), or vid22 #76 (strain YFL3381) grown in plasmid-selective
media with 2% raffinose, 2% galactose to induce allele overexpression. The blot was
incubated with 12CA5 HA antibodies. Arrows point to the expected bands. Ponceau staining

is shown as loading control. Representative blot of N=3 independent experiments.

The three remaining mutants—vid22 #36, #8, and #69—exhibited up to two
aminoacidic substitutions, and C-terminal truncations of 45 to 114 residues in
length, due to the introduction of a premature stop codon (Figure 7 A). I validated
these results by examining the rescue of the cytotoxicity upon overexpression of

these mutant alleles, following their reintroduction in wild-type haploid yeasts,
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through spot assays (Figure 7 B). The growth on non-inductive and inductive media
of serial dilutions of these six strains was qualitatively compared to the positive
control conditionally overexpressing wild-type VID22 (Vid22), and the negative
control transformed with the empty plasmid (empty). Whereas the galactose-
induced overexpression of wild-type VID22 is lethal, all strains overexpressing the
mutated alleles are viable on galactose, comparably to the negative control (Figure
7 B), despite the high and comparable accumulation of the mutant and wild-type
proteins (Figure 7 C). Therefore, we deduced that the C-terminus may be relevant
for Vid22 interaction with Tbf1.

To test this possibility, I thus mutated VID22 encoded at its endogenous locus to
generate a mutant expressing a truncated protein, vid22 856-901A (vid22 CtA45),
with the minimal deletion that emerged in the screening and C-terminally tagged
with the HA epitope in the Tbf1-Myc background. I next investigated by co-IP the
physical interaction between vid22 856-901A and Tbfl (Figure 8 A). Tbfl was
immunoprecipitated via Myc-specific antibodies and the co-immunoprecipitated
fraction probed for full-length Vid22 (Vid22HA Tbf1Myc) or its C-terminally truncated
variant (vid22 CtA45HA TbfiMyc), The truncated vid22 856-901A protein is
undetectable in Tbfl co-immunoprecipitated fraction, whereas wild-type Vid22 co-
precipitates with Tbfl as expected (Figure 8 A), implying that the established
experimental conditions allow to detect the specific association between these two
proteins and that the integrity of Vid22 C-terminus may be required for such
interaction. However, it must be noted that, despite normalization to the same total
protein concentration, the level of vid22 856-901A in the input samples is lower
with respect to that of full-length Vid22 (Figure 8 A). Assuming that the
experimental conditions allow to avert spontaneous protein degradation, this
implies that the truncated protein may be intrinsically unstable in vivo. Given this
observation, it cannot be excluded that the absence of vid22 856-901A signal from
Tbfl co-immunoprecipitated fraction is attributable to its levels being below

detection sensitivity, rather than to an actual loss of interaction.
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Figure 8 - Truncation of Vid22 C-terminus abolishes interaction with Tbf1, renders cells
HU-sensitive, hampers cell cycle progression but impairs protein stability

(A) Western blot analysis of co-IP experiments of wild-type Vid22 or the C-terminally
truncated mutant with Tbfl. Normalised protein extracts of Vid22-HA (Vid22HA, strain
YFL3161), vid22 856-901A-HA (vid22 CtA45HA, strain YFL3170), Vid22-HA Tbf1-Myc
(Vid22HA Tbf1Mse, strain YFL3164), and vid22 856-901A-HA Tbfl-Myc (vid22 CtA45HA
Tbf1Mye, strain YFL3111) were incubated with 9E10 Myc antibodies. Blots were incubated
individually with 9E10 Myc (top panels) or 12CA5 HA (bottom panels) antibodies. The
arrows point to the expected bands. Representative immunoblots of N=2 independent
experiments. (B) Western blot analysis of co-IP experiments of Tbfl with wild-type Vid22
or the C-terminally truncated mutant. Normalised protein extracts of Tbfl-Myc (Tbf1Mye,
strain YGE654.1), Vid22-HA Tbf1-Myc (Vid22HA Tbf1Mye, strain YFL3164), and vid22 856-
901A-HA Tbfl-Myc (vid22 CtA45HA Tbf1Mye, strain YFL3111) were incubated with 12CA5
HA antibodies. Protein concentration was normalised to 2mg/mL or 20mg/mL (10x) prior
to immunoprecipitation. Blots were incubated individually with 12CA5 HA (top panels) or
9E10 Myc (bottom panels) antibodies. The arrows point to the expected bands.
Representative immunoblots of N=2 independent experiments. (C) Sensitivity to
hydroxyurea (HU) of wild-type Vid22 or the C-terminally truncated mutant, compared to
vid22A, evaluated by spot assay. Log-phase wild-type cells (no tag, strain BY4741), Vid22-
HA (Vid22, strain YFL3161), vid22A (vid22A, strain YNOV124), and vid22 856-901A-HA
(vid22 CtA45, strain YFL3170) were diluted to an optical density at 600 nm (ODseoo) of 0,06
in H20 and spotted, along with three 10-fold serial dilutions, on solid complete media devoid
of HU (untreated) or supplemented with 50mM or 100mM HU. The plates were
photographed after 3 days of incubation at 28°C. Representative outcome of N=3
independent experiments. (D) Cell cycle analysis in wild-type Vid22 or the C-terminally
truncated mutant, compared to vid22A. Cell cycle distribution of log-phase, a-factor
synchronised and released cultures at different time-points of wild-type cells (no tag, strain
BY4741), Vid22-HA (Vid22, strain YFL3161), vid22A (vid22A, strain YNOV124), and vid22
856-901A-HA (vid22 CtA45, strain YFL3170) was determined by flow cytometry
quantitation of DNA stained with Sytox Green#!5. Lower fluorescence peaks correspond to
G1-phase cells with a haploid DNA content, and higher fluorescence peaks to cells with a
doubled DNA content as they have undergone S-phase and replicated their genome.

Representative outcome of N=2 independent experiments.
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Therefore, to discriminate between these two possibilities, I also assayed co-
immunoprecipitation of Tbf1-Myc with vid22 856-901A-HA and Vid22-HA (Figure
8 B). To overcome the issue of vid22 CtA45 instability and precipitate a comparable
amount of the full-length and truncated proteins, the experiment was also
performed with extracts from Tbf1-Myc vid22 856-901A-HA and Tbf1-Myc 10 times
more concentrated (10x, 20mg/mL). Tbfl is virtually absent in both the co-
immunoprecipitated fractions of vid22 CtA45 (Figure 8 B), consistently with the
outcome of the previous experiment. Altogether, co-IP analysis of the physical
interaction between vid22 CtA45 and Tbfl revealed that the deletion of Vid22 C-
terminus does indeed abrogate complex formation, but also impairs the protein’s
stability. Nonetheless, to investigate the functional relevance of the loss of Vid22-
Tbf1 interaction in the context of genome stability maintenance, I assayed the
sensitivity of the truncated mutant to replication stress induced by hydroxyurea
(HU, Figure 8 C). Serial dilutions of mutant yeasts expressing vid22 CtA45 were
spotted on solid media in absence or in presence of different concentrations of
hydroxyurea (50mM and 100mM HU), and their growth compared to that of cells
devoid of VID22 (vid22A) or with wild-type Vid22 either untagged (no tag) or HA-
tagged (Vid22). Qualitative examination of the growth patterns under these
conditions reveals noticeable differences in colony size and density between vid22
CtA45 and wild-type cells in the hydroxyurea-containing plates, with the former
displaying a sensitivity to replication stress comparable to that of vid22A cells.
Finally, to better characterise vid22 856-901A phenotypes, I also followed cell cycle
progression by flow cytometry, monitoring the DNA content in cells at different
time-points after yeast culture synchronisation with a-factor in G1l-phase and
release from cell cycle arrest (Figure 8 D). Cell cycle analysis revealed that vid22
CtA45 mutants are impaired in the G1-S transition, evidenced by the high number of
cells still in G1 phase after 45min from the release, as vid22A cells263 (Figure 8 D).

Overall, these results suggest that the integrity of Vid22 C-terminus is required for
the interaction with Tbf1l, which correlates with cell tolerance to genotoxic stress,
as well as for normal cell cycle progression. However, deletion of the C-terminal
region impairs protein homeostasis, and because of the experimental challenges of

dealing with an inherently unstable protein, the data are not fully conclusive. Yet,
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because the C-terminus is highly conserved among hAT elements and has been
implicated, despite some controversies, in protein-DNA and protein-protein
contacts359,373,393,395,396416 we deemed worth the pursuit of stable Vid22 C-terminal
mutants disrupting its physical association with Tbfl to better address the

relevance of Vid22-Tbf1 complex in genome stability maintenance.
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5.4 Targeted mutation of Vid22 conserved C-terminal residues impairs Tbf1l

interaction, tolerance to genotoxins and DNA binding

Despite successful in preventing Vid22-Tbf1 interaction, the truncation of Vid22 C-
terminus rendered the mutant protein markedly unstable in vivo, thereby limiting
its utility for subsequent experiments. We envisaged that missense mutations
altering the protein primary sequence may have a milder impact on protein
homeostasis. Consequently, we redirected our efforts towards the generation of
Vid22 point mutants with targeted aminoacidic substitutions that could selectively
abolish the formation of the Vid22-Tbf1 complex without affecting protein stability,
also opening new avenues for the investigation of the nuanced roles of specific
residues in the observed interactions. Given the previous indications of the
relevance of Vid22 C-terminus, to identify candidate residues for mutagenesis, we
decided to investigate the conservation of this region among Vid22 homologs.
Multiple sequence alignments (MSA) can provide important guidance in the
identification of the conserved sites for performing site-directed mutagenesis, as
they allow to estimate the functional or structural relevance of each residue in a
protein sequence#l’. Indeed, amino acids in a protein are subjected to different
selection pressures imposed by the requirements of three-dimensional structure
and of biological function. Consequently, residues of functional or structural
importance tend to be more conserved among homologous sequences, displaying a
high frequency in the alignment. A reliable MSA, nonetheless, requires an
appropriate input set of evolutionarily related sequences. By the time this work was
performed, 220 new yeast genomes belonging to the subphylum Saccharomycotina
were sequenced?®>, adding up to the 112 genomes already publicly available. To
include such recently published genomes in the homology search, I compiled a
BLAST database of the protein sequences annotated in these 332 budding yeast
genomes and used the S. cerevisiae Vid22 protein sequence as the query to run a
BLASTp against the local database. As a result, 60 non redundant subject sequences
that align locally to the query at or above the standard threshold score were
identified as candidate Vid22 homologues (among which its paralogue Env11),
deriving from 34 unique yeast species with a paraphyletic distribution according to

the published phylogenetic tree?8>. Nine species exhibited a singular homologue,
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whereas the remaining 24 species displayed at least two paralogous sequences,
stemming from the whole-genome duplication event that occurred ~10 Mya during
yeast evolution?8>. [ next applied the MUSCLE algorithm#18 to generate the multiple
sequence alignment of Vid22 and its yeast homologues (Figure 9). Given the study's
focus on Vid22 and because of space considerations, a concise version of the
multiple sequence alignment is presented, illustrating Vid22 sequence without gaps.
In the alignment, conserved amino acids are highlighted, indicating positions with
high identity (i.e. the fraction of sequences in a column with the same residue) and
occupancy (i.e. the number of aligned sequences in a column) scores. The reported
consensus sequence logo represents the relative frequency of residues per column,
which can be estimated by their size in the logo, aiding in the identification of the
most common amino acid at each position. The alignment quality annotation is an
automatically calculated measure of the likelihood of observing the mutations, if
any, in a particular column of the alignment. The alignment quality score is inversely
proportional to the average cost of all pairs of mutations observed in each column,
so a high quality score implies that there are no or few mutations, or that most
mutations observed are favourable (Figure 9). Scanning the alignment from the N-
terminus, the first appreciable conserved feature in most sequences is the signature
Cys and His dyads of the BED domain predicted to form the zinc finger3#41, with a
strong CKHCXnHLX3H consensus in these yeasts, anticipated by conserved aromatic
positions (Trp, Phe, Tyr; Figure 9 block 2 of 18, residues 50-99; and block 3 of 18,
residues 100-149).Vid22 C87, €90, and H115 display 89% identity in the MSA, H110
90% identity (Figure 10 A). The consistency between the residues in Vid22 and
Env11l forming the BED signature identified here and previously published34!

provides a good indication of the reliability of the alignment.
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in

Saccharomycotina species (block 1 of 18, residues 1-49)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 2 of 18, residues 50-99)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 3 of 18, residues 100-149)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 4 of 18, residues 150-199)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 5 of 18, residues 200-249)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in

Saccharomycotina species (block 6 of 18, residues 250-299)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 7 of 18, residues 300-349)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 8 of 18, residues 350-399)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 9 of 18, residues 400-449)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 10 of 18, residues 450-499)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 11 of 18, residues 500-549)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 12 of 18, residues 550-599)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 13 of 18, residues 600-649)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 14 of 18, residues 650-699)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in

Saccharomycotina species (block 15 of 18, residues 700-749)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 16 of 18, residues 750-799)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in

Saccharomycotina species (block 17 of 18, residues 800-849)

(Figure legend at page 80)
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Figure 9 - Multiple sequence alignment of Vid22 and its homologues in
Saccharomycotina species (block 18 of 18, residues 850-901)

Multiple sequence alignment (MSA) of Vid22 protein sequence and its 60 homologous se-
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quences in Saccharomycotina species. Residues are automatically blue coloured
proportionally to percentage identity in each alignment column. Columns containing gaps
in Vid22 and rows with redundant sequences were hidden. Vid22 annotated features
(disordered=D; BED=B; RNH-like=R; hAT=H), secondary structure predictions (alpha
helix=a; beta sheet=[3), residues targeted for Vid22 mutagenesis (point mutation=%*;
deletion=-), the alignment consensus logo (automatic calculation of the relative amount of
residues per column, proportional to its size in the logo), the alignment quality (automatic
measure of the likelihood of observing the mutations in a particular column of the alignment
calculated from BLOSUM62 scores), and occupancy (number of residues aligned at each

column) are reported below.

Focusing on the C-terminus, the segment of the multiple sequence alignment
covering Vid22 residues 856-901 (Figure 9 block 18 of 18, residues 850-901) is well
conserved, evident from the overall high sequence similarity and occupancy scores,
with a recognizable consensus sequence, suggesting its potential functional and/or
structural importance. L856, at position -45 from the end of Vid22 sequence,
exhibits 90% identity, and, following a short stretch of low sequence similarity,
other conserved amino acids with high identity include the negatively charged K873
(85% identity, with an additional 2% of the sequence conserving the overall
physicochemical properties with R substitutions) and K875 (84% identity, with
11% of the sequences displaying R), interspersed with non-polar amino acids, like
lle and Leu (Figure 9 block 18 of 18, residues 850-901). Further on, other
highlighted positions with identity higher than 75% consist of polar residues, such
as N878 (79% identity) and Q880 (97% identity), and the aromatic F881 (77%
identity, and an additional 11% of sequences with Y), followed at short distance by
charged residues, for instance D887 (77% identity, and 2% with E). L893 marks the
final conserved position in this region, possessing hydrophobic properties (84%
identity, plus 10% with [ and 2% with V; Figure 9 block 18 of 18, residues 850-901).
Therefore, we selected for mutagenesis most residues from this pool of highly
conserved positions in the last 45 amino acids of Vid22 C-terminus, targeting (i) the
two close K873 and K875 simultaneously, (ii) N878, (iii) Q880, (iv) D887 along with
the proximal D889 (43% identity, and 23% of sequences with E) and D891 (64%
identity), and finally (v) L893 (Figure 10 B). All targeted amino acids were
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substituted to A, except L893 (Figure 10 B). The latter was mutated to P instead,
because it was reported that mutation of Leu residues in Hermes C-terminus to Ala,
had no phenotypic effect, possibly because of their similar biochemical properties,
contrarily to what observed for Pro substitutions397. While we decided to initially
focus on this 45-amino acid window to select residues for site-specific mutagenesis
based on the results of the previous genetic screening, it's interesting to note that
other blocks of the alignment are characterized by high sequence similarity,
providing the opportunity to explore the functionality of other regions of the protein
in a targeted manner (Figure 9).

Following the choice of the aminoacidic substitutions for targeted mutagenesis, I
first assessed whether the overexpression of such mutant alleles would rescue
lethality (Figure 10 C). To this end, VID22 coding sequence, cloned in a centromeric
plasmid in frame with an N-terminal HA epitope sequence and under the control of
a galactose-inducible promoter, was specifically mutagenized by PCR%#19 to
introduce the desired aminoacidic substitutions by the means of custom oligos.
Following sequencing, the overexpression vectors were transformed in wild-type
haploid yeasts. | then evaluated by spot assay the survival of cells conditionally
producing N-terminally HA-tagged vid22 K873A K875A (vid22 KK), vid22 N878A
(vid22 N), vid22 Q880A (vid22 Q), vid22 D887A D889A D891A (vid22 DDD), and
vid22 L893P (vid22 L/P), along with the control strains expressing the wild-type
(Vid22) or with the empty vector (empty), plated on a galactose-containing medium
to induce overexpression and on a raffinose-containing medium for the repressed
condition (Figure 10 C). Whereas none of the mutant alleles appreciably affects cell
growth on raffinose-containing non-inducing medium, yeasts overproducing vid22
KK or vid22 DDD mutant proteins are viable on galactose-containing inducing
medium, comparably to yeasts transformed with the empty vector, whereas cells

accumulating vid22 L/P display an intermediate phenotype (Figure 10 C).
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Figure 10 - Vid22 C-terminal mutations targeting conserved residues that suppress
overexpression toxicity also compromise interaction with Thf1

(A) Conservation of the residues mutated in Vid22 BED domain among Vid22 homologues
in Saccharomycotina species. (B) Conservation of the residues mutated in Vid22 C-terminal
region among Vid22 homologues in Saccharomycotina species. (C) Yeast sensitivity to
overexpression of VID22 or mutant alleles targeting conserved residues in the C-terminal
region evaluated by spot assay. Log-phase wild-type cells transformed with the empty
vector (empty, strain YGE722.1), transformed with the overexpression vector of wild-type
Vid22 (Vid22, strain YGE723.1) or of vid22 K873A K875A (vid22 KK, strain YFL3683.1),
vid22 N878A (vid22 N, strain YFL3684.1), vid22 Q880A (vid22 Q, strain YFL3685.1), vid22
D887A D889A D891A (vid22 DDD, strain YFL3687.1), vid22 L893P (vid22 L/P, strain

91



YFL3689.1) were diluted to an optical density at 600 nm (ODggo) of 0,06 in H.0 and spotted,
along with three 10-fold serial dilutions, on solid plasmid-selective media with 2% glucose
as a control (control) or 2% raffinose, 2% galactose to induce allele overexpression
(induced). The plates were photographed after 3 days of incubation at 28°C. Representative
outcome of N=3 independent experiments. (D) Western blot analysis of the levels of wild-
type Vid22 or mutated in conserved C-terminal residues. Total proteins were extracted
from normalised cultures of wild-type cells transformed with the empty vector (empty,
strain YGE722.1), transformed with the overexpression vector of wild-type HA-tagged
Vid22 (Vid22, strain YGE723.1) or of vid22 K873A K875A (vid22 KK, strain YFL3683.1),
vid22 N878A (vid22 N, strain YFL3684.1), vid22 Q880A (vid22 Q, strain YFL3685.1), vid22
D887A D889A D891A (vid22 DDD, strain YFL3687.1), vid22 L893P (vid22 L/P, strain
YFL3689.1) grown in plasmid-selective media with 2% raffinose, 2% galactose to induce
allele overexpression. The blot was incubated with 12CA5 HA antibodies. Arrows point to
the expected bands. Ponceau staining is shown as loading control. Representative blot of
N=3 independent experiments. (E) Western blot analysis of the levels of wild-type Vid22 or
mutated in conserved C-terminal residues and Tbfl. Total proteins were extracted from
normalised cultures of Vid22-Myc Tbf1-Flag (Vid22Myc Tbf1Fag, strain YFL3993), vid22
K873A K875A-Myc Tbfl-Flag (vid22 KKMye Tbf1Flag, strain YFL3995), vid22 N878A-Myc
Tbf1-Flag (vid22 NMye Tbf1Flag, strain YFL3996), vid22 Q880A-Myc Tbfl-Flag (vid22 QMye
Tbf1Fg, strain YFL3997), vid22 D887A D889A D891A-Myc Tbfl-Flag (vid22 DDDMye
Tbf1Flag, strain YFL3999), and vid22 L893P-Myc Tbfl-Flag (vid22 L/PMyc Tbf1Flag, strain
YFL4001) grown in complete media. The top blot was incubated with 9E10 Myc antibodies,
the bottom blot with M2 Flag antibodies. Arrows point to the expected bands. Ponceau
staining is shown as loading control. Representative blot of N=3 independent experiments.
(F) Western blot analysis of co-IP experiments of Tbf1 with wild-type Vid22 or mutated in
conserved C-terminal residues. Normalised protein extracts of Tbfl-Flag (Tbf1Flg, strain
YFL3128), Vid22-Myc Tbf1-Flag (Vid22Myc Tbf1Fag, strain YFL3993), vid22 K873A K875A-
Myc Tbfl-Flag (vid22 KKMyc Tbf1Flag, strain YFL3995), vid22 N878A-Myc Tbf1-Flag (vid22
NMye Tbf1Fag, strain YFL3996), vid22 Q880A-Myc Tbfl-Flag (vid22 QMye TbflFlke, strain
YFL3997), vid22 D887A D889A D891A-Myc Tbfl-Flag (vid22 DDDMye TbflFag, strain
YFL3999), and vid22 L893P-Myc Tbf1-Flag (vid22 L/PMyc Tbf1Fag, strain YFL4001) were
incubated with 9E10 Myc antibodies. Blots were incubated individually with 9E10 Myc (top
panels) or M2 Flag (bottom panels) antibodies. The arrows point to the expected bands.

Representative immunoblots of N=3 independent experiments.

92



Accumulation of vid22 N or vid22 Q mutants, by contrast, causes lethality as for
wild-type Vid22. Semi-quantitative Western blot analysis of protein accumulation
in cells grown in galactose confirmed that all mutant proteins displayed a signal
comparable to that of Vid22 (Figure 10 D).

To understand if suppression of overexpression toxicity by the mutant alleles
correlates with the resulting protein having impaired interaction with Tbf1, [ next
introduced the point mutations targeting the chosen Vid22 C-terminal residues,
along with the Myc tag, in VID22 encoded at its endogenous locus under the control
of its native promoter by gene replacement through homologous recombination,
providing cells with PCR products amplified from plasmid templates subjected to in
vitro mutagenesis. Sequencing of the genomic locus allowed to validate the
integration of the desired mutations both in wild-type and in Tbfl-Flag
backgrounds. Moreover, steady-state levels of all mutant proteins were comparable
to that of Vid22, as evaluated by Western blot (Figure 10 E), indicating that, unlike
the deletion of the C-terminal portion, the selected mutations do not affect protein
stability. In addition, Tbf1 levels are unaltered by Vid22 mutation (Figure 10 E). |
thus proceeded to analyse co-immunoprecipitation of Tbfl-Flag with Myc-tagged
wild-type Vid22 or with the C-terminally mutated variants in whole cell extracts
from the obtained strains (Figure 10 F). Despite immunoprecipitation levels of
wild-type or C-terminally mutated Vid22 being similar, Tbfl is virtually
undetectable in the coprecipitated fractions of vid22 K873A K875A, vid22 D887A
D889A D891A, and vid22 L893P mutants, implying that these substitutions
abrogate the proteins’ physical interaction with Tbf1. Reduced Tbf1 levels in the co-
immunoprecipitated fraction of vid22 Q880A is indicative of an impaired
interaction. On the contrary, mutation of N878 does not affect protein-protein
interactions, as Tbf1 co-precipitates with vid22 N878A to a comparable level to that
co-precipitated with wild-type Vid22 (Figure 10 F). The comparison of these data
with the results of the previous spot assays (Figure 10 C) suggests the existence of
a correlation between overexpression toxicity and Tbfl physical interaction
phenotypes, as the mutant alleles non-lethal when overexpressed produce proteins
completely incompetent for Tbfl interaction, whereas the lethal ones give rise to

proteins that retain either full or partial interaction ability.
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I continued with the phenotypic characterization of Vid22 C-terminal mutants by
assessing cellular sensitivity to genotoxic stress by spot assay (Figure 11). We
decided to compare the effect on viability of two drugs to which vid22A cells are
sensitive: hydroxyurea (HU), which, by causing replicative stress, also indirectly
promotes the folding of G-quadruplexes in the single-strand DNA stretches
generated by the deceleration in the DNA synthesis process31420, and bleomycin
(BM), which causes DNA breaks in addition to damaging other -cellular
components*2l, Therefore, serial dilution of cell cultures producing Myc-tagged
vid22 K873A K875A (vid22 KK), vid22 N878A (vid22 N), vid22 Q880A (vid22 Q),
vid22 D887A D889A D891A (vid22 DDD), or vid22 L893P (vid22 L/P) were plated
on solid complete media in absence and in presence of increasing concentrations of
hydroxyurea (50mM, 100mM, and 200mM HU) or bleomycin (125ng/uL, 250ng/uL,
and 500ng/uL. BM), along with an untagged control (no tag), cells expressing Vid22-
Myc (Vid22) and a strain in which VID22 is deleted (vid22A). Whereas all strains
grow comparably in untreated conditions, the growth of vid22 KK, vid22 DDD, and
vid22 L/P is impaired by both drugs in a dosage-dependent manner, indicative of
heightened cell sensitivity to genotoxic stress, similarly to what is observed for
vid22A. Instead, the sensitivity to hydroxyurea and bleomycin of vid22 N and vid22
Q mutants is unaffected, as they grow like Vid22 or the no tag strains (Figure 11).
Therefore, sensitivity to genotoxic stress also correlates with overexpression
toxicity and interaction with Tbfl: the same mutations that completely abolish
complex formation—such as K873A K875A, D887A D889A D891A, and L893P—
render cells more susceptible to genotoxic stress, and overexpression of their alleles
is not lethal. Instead, total or partial retention of Tbf1 interaction in vid22 N878A
and vid22 Q880A appears to be sufficient to ensure cellular tolerance to genotoxic
stress and correlates with cytotoxicity upon allele overexpression. Collectively,
these data support the relevance of Vid22-Tbfl complex formation in genome

stability maintenance.
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Figure 11 - Vid22 C-terminal mutations that compromise interaction with Tbf1 also
heighten cell sensitivity to genotoxic stress

Sensitivity to hydroxyurea (HU) and bleomycin (BM) of wild-type Vid22 or mutated in
conserved C-terminal residues, compared to vid22A, evaluated by spot assay. Log-phase
wild-type cells (no tag, strain BY4741), Vid22-Myc (Vid22, strain YFL3870), vid22A (vid22A,
strain YNOV124), vid22 K873A K875A-Myc (vid22 KK, strain YFL3895), vid22 N878A-Myc
(vid22 N, strain YFL3897), vid22 Q880A-Myc (vid22 Q, strain YFL3871), vid22 D887A
D889A D891A-Myc (vid22 DDD, strain YFL3900), and vid22 L.893P-Myc (vid22 L/P, strain
YFL3876) were diluted to an optical density at 600 nm (ODsoo) of 0,06 in H,0 and spotted,
along with three 10-fold serial dilutions, on solid complete media devoid of drugs
(untreated) or supplemented with 50mM HU, 100mM HU, 200mM HU, 125ng/ul. BM,
250ng/uL BM, or 500ng/uL BM. The plates were photographed after 3 days of incubation

at 28°C. Representative outcome of N=3 independent experiments.

I finally analysed the effect of K873A K875A and L893P mutations, chosen as
representatives among those associated with the most severe phenotypes, in both
Vid22 and Tbf1 binding at the G-quadruplex forming locus in the promoter of SKN7
by ChIP-qPCR (Figure 12 A-B). To evaluate the enrichment of both proteins in the
same context, extracts from cells producing Myc-tagged Vid22, or its C-terminal
mutant variants, in combination with Flag-tagged Tbfl were separately incubated
with Myc- or Flag-specific antibodies to perform immunoprecipitation, along with
extracts from the untagged negative control. qPCR analysis of the co-precipitated
chromatin fractions revealed that vid22 KK and vid22 L /P are fundamentally unable
to bind at the G4 pSKN?7 locus, displaying an enrichment comparable to the negative
control (Figure 12 A), and Tbfl enrichment is reduced of ~90% in the same
backgrounds with respect to the Vid22-Myc Tbf1-Flag strain (Figure 12 B). From
this analysis, it can be inferred that Vid22 is necessary to stabilize or enhance Tbf1
binding to DNA, consistent with ChIP-qPCR data at the pSKN7 mutated loci (Figure
4 C-D). These results, combined with Tbf1 interaction data and the outcome of cell
sensitivity assay, can also be interpreted in support of the model in which the Vid22-
Tbfl complex has a relevant function in genomic protection, because of the

correlation between mutation of Vid22 C-terminus, loss of Tbfl interaction,
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increased sensitivity to genotoxic stress, and impairment of the recruitment of both

proteins to a G-quadruplex forming locus.
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Figure 12 - Vid22 and Tbf1 recruitment at the G4 locus in SKN7 promoter is highly
impaired by mutation of Vid22 conserved C-terminal residues

(A) ChIP-gPCR of wild-type Vid22 or mutated in conserved C-terminal residues at the G4-
forming132.263 Jocus in pSKN7 (G4 pSKN7). ChIP was performed in wild-type cells (no tag,
strain BY4741), Vid22-Myc Tbf1-Flag (Vid22 Tbf1, strain YFL3993), vid22 K873A K875A-
Myc Tbf1-Flag (vid22 KK Tbf1, strain YFL3995), and vid22 L893P-Myc Tbf1-Flag (vid22 L /P
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Tbf1, strain YFL4001) with 9E10 Myc antibodies. Fold enrichment was calculated relative
to HIS7 internal standard. Data are represented as mean * standard error of N=3
independent experiments and the p-value of pairwise t-tests is indicated (p>0,05 n.s;
p<0,05 *; p<0,01 **; p<0,001 ***). (B) ChIP-qPCR of Tbf1 in a wild-type Vid22 or mutated in
conserved C-terminal residues background at the G4-forming!32263 locus in pSKN7 (G4
pSKN?7). ChIP was performed in wild-type cells (no tag, strain BY4741), Vid22-Myc Tbf1-
Flag (Tbfl Vid22, strain YFL3993), vid22 K873A K875A-Myc Tbfl-Flag (Tbfl vid22 KK,
strain YFL3995), and vid22 L893P-Myc Tbfl-Flag (Tbfl vid22 L/P, strain YFL4001) with
M2 Flag antibodies. Fold enrichment was calculated relative to HIS7 internal standard. Data
are represented as mean + standard error of N=3 independent experiments and the p-value

of pairwise t-tests is indicated (p>0,05 n.s.; p<0,05 *; p<0,01 **; p<0,001 ***).

Preliminary investigation of the effect of the Q880A and D887A D889A D891A
mutations on Vid22 and Tbf1 recruitment at G4 pSKN7 by ChIP-qPCR indicated that
whereas vid22 DDD is fundamentally unable to interact with DNA and correlates
with a similar decrease in Tbfl enrichment as vid22 KK and vid22 L/P, vid22 Q
displays an intermediate phenotype with a decreased enrichment of ~70%
compared to that of Vid22, mirrored by a parallel decrease of Tbfl enrichment of
~75% (data not shown, single replicate). Overall, K873A K875A, D887A D889A
D891A, and L893P mutations essentially abolish Vid22 interaction with Tbf1 and its
DNA binding at the pSKN?7 locus, which also correlates with impaired Tbf1-DNA
recruitment and heightened cell sensitivity to hydroxyurea and bleomycin. The
Q880A mutation, instead, impairs without abolishing protein-protein and protein-
DNA interactions, which is probably sufficient to retain cell tolerance to genotoxic
stress.

The analysis of Vid22 mutated in the C-terminus or in the BED domain does not
resolve whether Vid22 recruitment to DNA depends on Tbfl, because, in fact, the
phenotypes of loss of interaction with DNA and Tbf1 are correlated (Figures 1 A-E,
6, 10 F, 12 A-B). Tbfl appears to be able to bind the G4-forming locus in pSKN7
independently of Vid22, but, in the absence of the latter, its observed enrichment is
severely decreased. The most convincing explanation is that the Vid22-Tbf1l
complex is recruited at the locus and performs a different function compared to free

Tbf1, likely in genome protection, as abolition of Vid22-Tbf1 interaction correlates
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with heightened cell sensitivity to replicative stress, G4 stabilisation and DNA
breakage. However, even a partial interaction of Vid22-Tbf1 with DNA is functional

for maintaining cellular tolerance to genotoxic stress.
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5.5 Vid22 is structurally homologous to the Hermes transposase

For the characterisation of Vid22 biochemical and structural features via in vitro
experiments, VID22 was His-tagged, heterologously expressed in a bacterial system,
purified by affinity chromatography?63 and subjected to a subsequent purification
step via size exclusion chromatography with multi-angle static light scattering to
precisely estimate the molecular weight of the eluted proteins and detect the
potential formation of aggregates, in collaboration with professor S. Ricagno. We
noted that the main peak in the elution profile recoded at 280 nm was at 248 kDa
(data not shown), compatible with Vid22 forming homodimers, as the monomer has
a molecular weight of ~102,5 kDa, and there was no evidence of high molecular
weight aggregates. Indeed, Vid22 is computationally predicted to be related to
proteins belonging to the RNase H-like superfamily34%, which are known to self-
interact to perform their functions360361 especially those of the hAT
family349350,359,367,368373,393, Consistently, preliminary 16A low-resolution structural
reconstructions from negative staining electron microscopy analysis of the purified
protein, performed in collaboration with A. Chaves Sanjuan, revealed that Vid22
forms homogeneous particles with a volume sufficient to accommodate two

monomers (Figure 13 A-D).
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Figure 13 - Purified Vid22 forms homogeneous particles compatible with dimer

formation

(A) Negative staining electron microscopy image of purified Vid22. Observations were
carried out on a Talos L120C microscope (Thermo Scientific) with an accelerating voltage
of 120 kV, and the image acquired with a Ceta 4kx4k camera at a nominal magnification of
73.000 corresponding to a pixel size of 1.94/pix. (B) Representative particles out of 13.128
particles selected for 2D classification in CRYOSPARC 4.2.1422 to obtain the final 3D
reconstruction model of Vid22 structure. (C) Final 3D reconstruction model of Vid22
structure with a 164 resolution. (D) Resolution of the final 3D reconstruction model of

Vid22 structure according to the gold standard FSC of 0.143.

To investigate the possibility of Vid22 dimerisation in vivo, I initially conducted
yeast two-hybrid assays (Figure 14 A). VID22 was cloned in both the bait and prey
vectors, fused to the LexA DNA-binding domain (B-Vid22) or to the B42
transcriptional activation domain (P-Vid22), respectively, and transformed
simultaneously or in combination with the empty vectors in the yeast strain carrying
the lacZ reporter system#23. Tbf1 bait (B-Tbfl) and prey (P-Tbf1) constructs were
also generated and combined with Vid22 prey and bait, respectively, to be used as
positive controls, as well as with the empty vectors. Proper cloning and
accumulation of the constitutively expressed bait fusions and of the galactose-
inducible prey chimaeras was confirmed by sequencing and Western blot,
respectively (data not shown). Interaction between the fusion proteins was detected
by lacZ expression in X-gal plate assays (Figure 14 A). Vid22 bait (B-Vid22)
successfully interacts with Vid22 prey (P-Vid22), as reported by the blue
pigmentation of the cell patch, which is indicative of -galactosidase catalysed
hydrolysis of the lactose analogue X-gal. The same coloration is displayed by B-
Vid22 P-Tbf1l and B-Tbf1 P-Vid22 patches, as expected. The reporter gene is not
expressed when Vid22 or Tbf1 bait constructs are co-transformed with the empty
prey vector (P-empty), nor when the prey protein fusions are combined with the

bait empty vector (B-empty; Figure 14 A).
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Figure 14 - In vivo Vid22 dimerisation is impaired by mutation of conserved C-terminal
residues

(A) Yeast two hybrid X-gal plate assay probing Vid22 self-interaction. Bait constructs were
constitutively expressed as fusions to LexA DNA-binding domain. Gal-inducible prey
constructs were expressed as fusions to B42 transcriptional activation domain-HA epitope
tag. Cells expressing Vid22 bait and prey constructs (B-Vid22 P-Vid22, strain YFL3271),
Vid22 bait and Tbf1 prey (B-Vid22 P-Tbf1, strain YFL3280), Tbf1 bait and Vid22 prey (B-
Tbfl P-Vid22, strain YFL3283), their combinations with the empty vectors (B-Vid22 P-
empty, strain YFL3255; B-empty P-Vid22, strain YFL3259; B-Tbf1 P-empty, strain YFL3263;
B-empty P-Tbfl, strain YFL3267), and the negative control (B-empty P-empty, strain
YGE253) were plated on solid synthetic medium supplemented with X-gal to evidence lacZ
reporter gene expression by formation of blue pigmented colonies, and 2% raffinose, 2%
galactose to induce prey overexpression. The plate was photographed after 1 days of

incubation at 28°C. Representative outcome of N=3 independent experiments. (B) Western

103



blot analysis of co-IP experiments of wild-type Vid22 with itself. Normalised protein
extracts of Vid22-Flag cells transformed with the empty vector (Vid22Flg, strain YFL3989)
or transformed with Vid22-Myc (Vid22Myc Vid22Fag, strain YFL3987) were incubated with
9E10 Myc antibodies. Blots were incubated individually with 9E10 Myc (top panels) or M2
Flag (bottom panels) antibodies. The arrows point to the expected bands. Representative
immunoblots of N=3 independent experiments. (C) Western blot analysis of co-IP
experiments of wild-type Vid22 with wild-type Vid22 or mutated in conserved C-terminal
residues. Normalised protein extracts of Vid22-Flag cells transformed with the empty
vector (Vid22Fag, strain YFL3989) or transformed with Vid22-Myc (Vid22Mye Vid22Fag,
strain YFL3987), vid22 K873A K875A (vid22 KKMyc Vid22Flg, strain YFL4014), vid22 N878A
(vid22 NMye Vid22Fag, strain YFL4015), vid22 Q880A (vid22 QMyc Vid22Flag, strain YFL4016),
vid22 D887A D889A D891A (vid22 DDDMye Vid22Fag, strain YFL4018), or vid22 L893P
(vid22 L/PMyc Vid22Flg, strain YFL4020) were incubated with 9E10 Myc antibodies. Blots
were incubated individually with 9E10 Myc (top panels) or M2 Flag (bottom panels)
antibodies. The arrows point to the expected bands. Representative immunoblots of N=3

independent experiments.

These data indicate that the assay allows to specifically detect the interaction
between the proteins of interest and, thus, that Vid22 can homodimerise. To validate
the results of the yeast two-hybrid assay, | tested Vid22 self-interaction by co-IP
(Figure 14 B). To this end, a centromeric plasmid carrying the pVID22:VID22-
13MYC insert was provided to haploid yeasts producing Flag-tagged Vid22 encoded
atits endogenous locus. Vid22-Flag transformed with the empty vector serves as the
negative control. Whole protein extracts from these strains were incubated with
Myc-specific antibodies and the co-immunoprecipitated fraction probed with Flag-
specific antibodies. Vid22Flag is co-precipitated with Vid22Myc confirming self-
interaction (Figure 14 B). We next chose to test if Vid22 C-terminal mutations
characterised so far would affect dimerisation because the C-terminal region was
reported to be directly involved in self-association of the hAT derived human ZBED1
protein3?3. Moreover, despite Hermes transposase C-terminus not being directly
engaged in multimerisation, as revealed by its crystal structures3>0.367.368424
mutation of conserved C-terminal residues prevents its self-interaction3?’.

Therefore, Flag-tagged Vid22 cells were transformed with centromeric vectors in
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which the pVID22:VID22-13MYC insert was mutated in vitro to introduce the desired
nucleotide substitutions. Subsequently, Myc-tagged vid22 KK, vid22 N, vid22 Q,
vid22 DDD, and vid22 L/P were immunoprecipitated and the co-precipitated
fraction probed for Vid22-Flag (Figure 14 C). Despite no observable differences in
the immunoprecipitation efficiencies, Vid22-Flag is only detectable in the co-
precipitated fraction of vid22 N878A and vid22 Q880A4, albeit at a marginally
reduced level in the latter (Figure 14 C). This outcome indicates that the K873A
K875A, D887A D889A D891A and L893P substitutions abrogate not only Vid22-
Tbf1l interaction, but also Vid22 self-association. Taken these and the previous
results together, the C-terminus might not be directly responsible for Tbfl
interaction. The loss of Vid22-Tbf1 complex formation caused by mutation of Vid22
C-terminal residues (Figure 10 F) might result from the impairment in Vid22
homodimerisation (Figure 14 C). If Tbfl can only interact with Vid22 dimers, any
condition abolishing Vid22 self-interaction would prevent their physical
association.

Thanks to recent advancements in computational methods for predicting the
structure of proteins based on their amino acid sequence and, particularly, to the
development of AlphaFold artificial intelligence*2>426 and its implementations+27,
we have now access to a relatively accurate model of Vid22 three-dimensional fold
(C7GRW6) and extension programs like AlphaFold2 Multimer specifically designed
to predict protein-protein complexes. Therefore, from Vid22 full-length sequence,
we built a model of Vid22 homodimer using ColabFold42’ implementation of
AlphaFold2-multimer, in collaboration with professor C. Camilloni (Figure 15 A-D).
The analysis of metrics indicating the reliability of Vid22 monomer (which is
superimposable to the prediction deposited in the AlphaFold Protein Structure
Database C7GRW6) and dimer structure predictions, like the predicted aligned
error (PAE) and the per-residue model confidence score (pLDDT), reveal that,
except for the N-terminal region (residues 1-161) and the disordered loop (residues
648-723) in each monomer, the relative orientation of the protein secondary

structure elements and domains is predicted with high confidence (Figure 15 A-B).
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[ D Vid22 dimer model

E Superposition of reconstruction of Vid22 F  Superposition of reconstruction of Vid22
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Figure 15 - Vid22 dimer model and Hermes dimer structure overlap to the 3D

reconstruction model of Vid22 structure

(A) Predicted aligned error (PAE) plot of Vid22 dimer model. Residues 1-901 correspond
to one Vid22 monomer, residues 902-1802 correspond to the second monomer. PAE
estimates the expected positional error for each residue in the predicted protein dimer
structure if it were aligned to a corresponding residue in the true protein dimer structure
and provides an indication of the level of confidence in the relative positions and
orientations of different parts of the predicted model. Lower PAE values for residue pairs
from different domains suggest well-defined relative positions and orientations in the
prediction model, while higher PAE values indicate that the relative positions and/or
orientations of these domains in the 3D structure are uncertain and should not be
interpreted. (B) Per-residue model confidence score (pLDDT) plot of Vid22 dimer model.
Residues 1-901 correspond to one Vid22 monomer, residues 902-1802 correspond to the
second monomer. pLDDT corresponds to the model’s predicted score on the LDDT-Ca
metric425428 and estimates per-residue confidence on 0-100 scale. Regions with pLDDT>90
are expected to be modelled to high accuracy, regions with 70<pLDDT<90 are expected to
be modelled with a generally good backbone prediction, regions with 50<pLDDT<70 are
modelled with low confidence and should be treated with caution, regions with pLDDT<50
are usually disordered (either unstructured in physiological conditions or only structured
as part of a complex), often have a ribbon-like appearance and should not be interpreted.

(C) Model of Vid22 monomer. Alpha helices are coloured in light blue ( ), beta strands
are coloured in dark blue (strand), coils are grey coloured (coil). (D) Model of Vid22 dimer.
Vid22 monomers are differently coloured in yellow and blue respectively. Alpha helices are
coloured in yellow in one monomer ( ) and light blue in the other ( ), beta strands
are coloured in orange ( ) and dark blue (strand), coils are grey coloured in both
monomers (coil). (E) Superposition of Vid22 dimer model to the 3D reconstruction model
of Vid22 structure obtained by negative staining electron microscopy analysis with a
correlation coefficient of 0,65. In Vid22 dimer model, one monomer is coloured in yellow,
the other in light blue. (F) Superposition of Hermes dimer structure3?, trimmed of the BED
domains, to the 3D reconstruction model of Vid22 structure obtained by negative staining
electron microscopy analysis with a correlation coefficient of 0,94. In Hermes dimer
structure, one monomer (residues 81-609) is coloured in light orange, the other in light

purple.
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Two domains are clearly recognisable in Vid22 monomer: the smaller BED-type zinc
finger and a transposase-derived domain formed by the bulk of the protein (Figure
15 C). The top three predictions are consistent in the relative positioning of the
monomers and the best model is reported (Figure 15 D). Superposition of the best
model of Vid22 homodimer generated in silico to the low-resolution three-
dimensional reconstruction obtained by negative staining electron microscopy
shows a correlation coefficient of 0,65 (Figure 15 E). The overlap could be improved
by removing the disordered regions, as the PAE for these two regions is poor relative
to the rest of the protein, so they may be misplaced and hinder complex prediction.
Strikingly, the correlation coefficient reaches 0,94 when Vid22 volume
reconstruction is superposed to the experimentally determined structure of the
Hermes dimer3>° trimmed of the BED domains (Figure 15 F), despite its inability to
fill the entire reconstruction because of a smaller size. This indicates that the model
of Vid22 homodimer can be improved and probably its actual structure is more
similar to the Hermes transposase than expected from sequence comparison.

Given the structural homology between Vid22 and the extensively characterized
Hermes350367.368  their comparison may allow to interpret and predict Vid22

structural-functional properties (Figure 16 A-B).
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B Hermes dimer Vid22 dimer

Figure 16 - Comparison between the domain annotation in Vid22 dimer model and

Hermes dimer structure

(A) Schematic representation of wild-type Vid22 protein sequence or mutated in conserved
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residues and the Hermes transposase sequence from M. domestica, annotated of the BED-
type Zn finger (BED, IPR003656), Hermes transposase DNA-binding domain (DBD,
[PR018473) and the putative corresponding region in Vid22 based on sequence
conservation analysis (Figure 9) and Vid22 dimer model, RNase H-like superfamily (RNH-
like, IPR012337) and C-terminal hAT dimerisation domain (hAT, PF05699). The C-terminal
portion truncated in vid22 856-901A mutant (CtA45) is also annotated. Substitutions
targeting conserved residues in vid22 mutants are reported. Hermes dimer structure3s0 and
Vid22 dimer model are shown below maintaining the annotations colours. The side chains
of the residues mutated in Vid22 are displayed in sphere style. (B) Comparison of Hermes
dimer structure3>? and Vid22 dimer model, maintaining the annotations colours shown in

panel A and displayed in the same orientations of Figure 15 E-F.

Vid22 BED domains extend towards the edges of the quaternary structure and,
similarly to Hermes350.367.368 they contribute to DNA interaction, although they are
not essential, as mutation of the zinc coordinating residues decreases without
abolishing DNA binding in vivo (Figure 1 A-E). We next examined the location and
potential interactions of the conserved C-terminal residues that were mutated in
Vid22 (Figure 10 B) with respect to the global quaternary structure of Vid22
homodimer (Figure 16 A-B). Whereas none of the mutated amino acids is directly
involved in Vid22 self-association in the obtained Vid22 dimer model, they are close
in space to residues 170-210 encompassing the putative dimerisation interface and
to an additional potential DNA binding site inferred by homology to Hermes
DBD350.367.368 (Figure 16 A-B). Therefore, Vid22 C-terminus is key to maintain the
overall tertiary and, thus, quaternary structures, providing another piece of
evidence in support of the resemblance between these two proteins despite their
evolutionary distance and sequence divergence. The structural relevance of Vid22
C-terminus is evidenced by the high conservation among homologous sequences
(Figure 9 block 18 of 18, residues 850-901). Indeed, this could explain the
phenotypes of loss-of-function Vid22 C-terminal mutants, stressing the importance
of the functionality of this factor in maintenance of genome stability. Based on the
position of the C-terminus in Vid22 structural model, it is also unlikely that this
region constitutes the interface for Tbfl interaction. The abolition of Vid22-Tbf1
physical association by mutation of Vid22 C-terminal residues (Figure 10 F) might
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either be explained by the possibility that Tbfl only interacts with Vid22 dimers,
since these mutations also prevent Vid22 self-interaction (Figure 14 C), or by the
spatial proximity of the C-terminus to the actual site of Vid22-Tbf1 contact, which
might have been deformed by the C-terminal mutations.

To explore the possibility of the existence of a second, not yet annotated, DNA
binding region encompassing residues 170-210, which may be directly involved
both in Vid22-DNA/G-quadruplex interaction and in its self-association, we selected
the candidate residue F195 for targeted mutagenesis from the structural model of
Vid22 dimer (Figure 16 A-B) and the evolutionary conservation data of Vid22
sequence (Figure 9 block 4 of 18, residues 150-199). In addition, this residue was
mutated in vid22 #29 (Figure 7 A). I thus substituted Vid22 F195, with 80% identity
in the MSA, to A (Figure 17 A) by in vitro mutagenesis of pVID22:VID22-Myc cloned

in a centromeric vector, which was subsequently transformed into Vid22-Flag cells.

A Mutant Residue Identity Simifarity Substitution
vid22 F F185 80% 83% (Y) A
B o i
Ui &
SV 4
N g
AN
&

a-Myc  ==m—<{Vid22, vid22 F

a-Flag = == eeet{Vid22
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a-Mye - e Vid22, vid22 F
co-lP «{Vid22
a-Flag —— - \ Vi

INPUT 1P

Figure 17 - Mutation of Vid22 F195, expected to be directly involved in self-interaction

in Vid22 dimer model, impairs dimerisation in vivo

(A) Conservation of F195 found in Vid22 putative dimerisation interface among Vid22
homologues in Saccharomycotina species. (B) Western blot analysis of the levels of wild-
type Vid22 or mutated in F195. Total proteins were extracted from normalised cultures of
Vid22-Flag cells transformed with Vid22-Myc (Vid22Myc Vid22Flag, strain YFL3987), or with
vid22 F195A-Myc (vid22 FMyc Vid22Flag, strain YFL4158) grown in plasmid-selective media.
The top blot was incubated with 9E10 Myc antibodies, the bottom blot with M2 Flag
antibodies. Arrows point to the expected bands. Ponceau staining is shown as loading
control. Representative blot of N=3 independent experiments. (C) Western blot analysis of
co-IP experiments of wild-type Vid22 with wild-type Vid22 or mutated in F195. Normalised
protein extracts of Vid22-Flag cells transformed with the empty vector (Vid22Flg, strain
YFL3989) or transformed with Vid22-Myc (Vid22Mye Vid22Flag, strain YFL3987), or vid22
F195A-Myc (vid22 FMye Vid22Fls, strain YFL4158) were incubated with 9E10 Myc
antibodies. Blots were incubated individually with 9E10 Myc (top panels) or M2 Flag
(bottom panels) antibodies. The arrows point to the expected bands. Representative

immunoblots of N=3 independent experiments.

The stability of the mutant protein was verified by Western blot analysis (Figure 17
B). Therefore, I tested the ability of vid22 F195A-Myc (vid22 F) to interact with
Vid22-Flag by co-IP experiments (Figure 17 C). Despite comparable
immunoprecipitation levels of the Myc-tagged mutant and wild-type proteins, the
signal of Vid22-Flag is greatly reduced in the co-immunoprecipitated fraction of

vid22 F compared to that of Vid22 (Figure 17 C). This result evidences that the
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F195A mutation severely affects the protein’s physical interaction with its wild-type

form, and supports the validity of Vid22 dimer model.
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6 Conclusions and Future Perspectives

Vid22 has evolved from domestication of a DNA transposase of the hAT family, as
was suggested by computational prediction of its domain composition and
experimentally evidenced by its quaternary structure (Figures 13 C, 14 A-B) and
structural homology with the Hermes homodimer (Figures 15 E-F, 16 A-B), to
support genome stability and G4 regulation in budding yeast263. Similarly to what
observed in this active transposase350367.368 Vid22 C-terminus seems to have a
structural role in maintaining a functional protein fold, as evidenced by the high
sequence conservation of this region (Figure 9 block 18 of 18, residues 850-901)
and by the severity of the phenotypes of the C-terminal mutants (Figures 8 A-D, 10
F, 11,12 A, 14 C), despite it likely not being directly involved in homodimerisation
(Figure 16 A-B) or interaction with Tbfl and DNA. Compatibly with the obtained
ChIP-qPCR data (Figure 1 A-E), Vid22 BED domain may not be the only region of
the protein mediating DNA interaction. Hermes possesses a second DNA binding
domain (residues 78-161) which is directly involved in dimerisation through
intertwining a-helices350.359.367.368.373  possibly corresponding to Vid22 residues
170-210. Indeed, this region has compatible secondary structure, localisation in
Vid22 homodimer model (Figure 16 A-B), and sequence features, like a closely
spaced Pro-Phe pair (P191 and F195 in Vid22) preceded by hydrophobic (e.g. I, L, A,
V) and positively charged (e.g. K, R) amino acids which may participate in Vid22-
DNA contacts (Figure 9 blocks 4 and 5 of 18, residues 150-249). The observation
that dimerisation is highly impaired in vid22 F195A (Figure 17 C) supports this
possibility, warranting further characterisation of the phenotypes of this and related
mutants to investigate the involvement of this protein region in B-DNA and G-
quadruplex interactions. Aside from the generation and analysis of a model of Vid22
dimer in presence of a DNA/G4 sequence driven by homology to Hermes to aid in
mutant design, we are also attempting to obtain a reliable model of the Vid22-Tbf1
complex, which would allow to obtain a preliminary indication of where their
interaction interface could be located. Moreover, Vid22, which recruitment to
certain DNA loci likely depends on G4 structures (Figure 4 C), significantly supports
Tbf1-DNA interaction (Figures 4 C-D, 5 A, 12 A-B). The formation of the Vid22-Tbf1

115



complex, which is partially affected by mutation of Vid22 BED domain (Figure 6), is
likely functional in genome stability maintenance, since analysis of Vid22 C-terminal
loss-of-function mutants revealed that Vid22 dimerisation, interaction with Tbf1,
their concerted recruitment to a G4-forming DNA locus, and cell tolerance to
genotoxic stress are intercorrelated in vivo (Figures 10 F, 11, 12 A-B, 14 C). Further
comparisons between Vid22 structural models and sequence conservation data will
enable to rationalise the design of additional candidate hypomorphic mutations, for
instance selectively abrogating interaction with Tbf1, potentially allowing to dissect
the contribution of these factors in genome protection with unprecedented
precision.

The biochemical characterisation of Vid22-G-quadruplex binding specificity and its
effects on these secondary structures is ongoing at present. To refine the models
generated in silico and clarify the stoichiometry of the Vid22-Tbf1-DNA/G4 complex,
we are currently undertaking additional negative staining and cryo-electron
microscopy analysis of purified Vid22 in presence of a G-quadruplex forming
sequence and/or Tbfl. Structural data would also provide useful insights into
Vid22-Tbfl interaction mode and enable to verify whether Vid22 dimerisation is
necessary for their physical association. Additionally, Tbfl co-immunoprecipitation
with vid22 F195A will be assayed. Moreover, in vitro circular dichroism experiments
of G-quadruplex forming sequences combined with purified Vid22 and/or Tbfl
protein titration would allow to determine if Vid22 and its related protein complex
exert a positive, negative or neutral effect on the G-tetrahelical assembly by
detection of potential changes of the characteristic spectrum#2?, as well as explore
whether Vid22 RNase H-like domain conserves any catalytic activity, and determine
the contribution of Tbfl in Vid22 G-quadruplex-associated function. If Vid22
displays any catalytic activity, targeted mutagenesis of the residues forming the
putative DDE/D triad, combined with an in vitro endonuclease assay, would allow to
validate and characterize Vid22 mechanism of action. Electrophoretic mobility shift
assays, or reflective phantom interface analysis, could also enable the identification
of the amino acids specifically mediating Vid22 interactions with B-form DNA
and/or G-quadruplex folds and investigate Vid22 affinity towards different

tetrahelical topologies. A better understanding of the molecular features that
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mediate G-tetraplex binding by native proteins may present the opportunity to
design molecules able to selectively modulate these interactions as an alternative
therapeutic strategy to overcome the specificity issue of current G-quadruplex
ligands114120,430,431,

We are also attempting to clarify the pathway in which Vid22 functions to prevent
G-quadruplex-associated genome instability. Since Vid22 preferentially bind at
promoters site together with Tbf1262.263304316 to quantify its impact on gene
expression we performed RNA-Seq experiments in unperturbed wild-type and
vid22A cells, which are presently being analysed. In addition, given Vid22 and Tbf1
implication in nucleosome positioning309310,312432-437 and their link to histone de-
acetylation312316,333 ATAC-Seq analysis#38 has also been planned. In addition to their
involvement in transcription and nucleosome organization, Vid22 and Tbfl have
also been shown to impact DNA double-strand break repair, telomere and ribosomal
DNA stability, and replication?262.263439-442,268,301,303,304,309,312,337,409, The function of all
these processes, which can be potentially affected by G-quadruplex structures (cfr.
Paragraph 4.2), has been linked to the three-dimensional organization of genomic
DNA in the nuclear space in both budding yeast and mammalian cells#43-445, Within
the non-random chromosome territories, chromatin is organized in eu- and hetero-
chromatic compartments involved in abundant intrachromosomal contacts,
especially at the level of self-associating chromatin domains, as well as
interchromosomal contacts#4¢. Proper nuclear positioning and contact of certain
DNA sequences (e.g. ribosomal DNA array, telomeres) is physiologically relevant,
promoting their stability and epigenetic signature44’. Transcription or replication
factories, as well as DNA repair foci, formed by co-localisation and interaction of
specific DNA elements and proteins in discrete nuclear sites, have been
described#48449, Because both transcription factors#50-452 and G-quadruplexes167-171
have the potential to bridge chromosome interactions and participate in the spatial
organization of the genome, we are currently investigating the tempting possibility
of Vid22 being involved in these aspects by in silico approaches and targeted 3C-
gqPCR experiments (e.g. exploring the contact between two regions of chromosome
VIII detected in a previous work##4, one containing pSKN7 and the other pMDM31,
both bound by Vid22 and Tbf1) and HiC genome-wide analysis.
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Vid22 functional characterisation exploiting mutants targeted in conserved
residues, rationally designed from structural models, is a useful approach to clarify
the details of its role in suppression of G-quadruplex induced genomic instability
and aid in the identification of candidate functional human homologues. In vivo and
in vitro structural-functional correlation will also provide new insights into G-
quadruplex-protein recognition and into how these tetrahelical architectures

influence biological processes.
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7 Materials and Methods

7.1 Tables

7.1.1 Yeast strains

Name

BY4741

EGY48

YFL2922
YFL2955

YFL2987

YFL2994

YFL3111

YFL3128
YFL3161

YFL3164

YFL3170

YFL3255

YFL3259

YFL3263

YFL3267

YFL3271

YFL3280

YFL3283

YFL3376

Background

S288C

EGY48

YGE1014
BY4741

BY4741

BY4741

BY4741

BY4741
BY4741

BY4741

BY4741

YHN93

YHN93

YHNO93

YHN93

YHNO93

YHN93

YHNO93

BY4741

Genotype

Mat a
his3A1 leu2A0 met15A0 ura340

Mat a
ura34 his3A trp1A
leu2::6LexAop-LEU2

VID22-13Myc:HIS3MX6
SGS1-13Myc:HIS3MX6

sgs1A::HPHMX6
VID22-13Myc:HIS3MX6

vid22A::KANMX6
SGS1-13Myc:HIS3MX6

vid22(856-9014)-3HA:KANMX6
TBF1-13Myc:HIS3MX6

TBF1-3Flag:KANMX6

VID22-3HA:KANMX6

VID22-3HA:KANMX6

TBF1-13Myc:HIS3MX6

vid22(856-9014)-3HA:KANMX6
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Plasmid

pGELE59
pJG4-5
pEG202

pGELE60

pGELE61
pJG4-5

pEG202
pGELE62

pGELE59
pGELE60

pGELE59
pGELE62

pGELE61
pGELE60

pGELES53

Source

Euro-
scarf

R. Brent

our lab

our lab

our lab

our lab

this
work

our lab

our lab

our lab

this
work
this
work
this
work
this
work
this
work
this
work
this
work
this
work
this
work



Name Background Genotype Plasmid  Source

thi
YFL3377  BY4741 - pGELES4 °
work
thi
YFL3378  BY4741 - pGELES5 — °
work
thi
YFL3379  BY4741 - pGELES6  °
work
this

YFL3380  BY4741 - pGELES7
work
thi
YFL3381  BY4741 - pGELES8 — °
work
YFL3683  BY4741 - pFL230 TS
work
YFL3684  BY4741 - pFL22g TS
work
YFL3685  BY4741 i pFL231 s
work
this

YFL3687  BY4741 . pFL232
work
YFL3689  BY4741 - pFL234 TS
work
N
YFL3770  BY4741  chrVIIl 512268A:C 512304T:C 5123054:C - ‘;Olrsk
this

YFL3793  YFL3770 VID22-13Myc:HIS3MX6 i
work
this

YFL3794  YFL3770 TBF1-13Myc:HIS3MX6 :
work
L3797 Byajaq  ChrVIIS12268A:C 512304T:C 512305A:C this
512307G:C 512323G:C work
N
YFL3800  YFL3797 VID22-13Myc:HIS3MX6 - this
work
this

YFL3801  YFL3797 TBF1-13Myc:HIS3MX6 i
work
this

YFL3870  BY4741 VID22-13Myc:LEUZMX6 i
work
N
YFL3871  BY4741 vid22(Q8804)-13Myc:LEU2MX6 i Vzolrsk
thi
YFL3876  BY4741 vid22(L893P)-13Myc:LEUZMX6 : Wolrsk
thi
YFL3895  BY4741  vid22(K873A-K875A)-13Myc:LEU2MX6 i WO‘:k
N
YFL3897  BY4741 vid22(N878A)-13Myc:LEUZMX6 : Vtolrsk
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Name

YFL3900

YFL3902

YFL3904

YFL3987

YFL3991

YFL3993

YFL3995

YFL3996

YFL3997

YFL3999

YFL4001

YFL4014

YFL4015

YFL4016

YFL4018

YFL4020

YFL4158

YGE1014
YGE1033

YGE1071

YGE1073

Background

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741

BY4741
YGE1014

BY4741

BY4741

Genotype

vid22(D887A-D889A-D891A)-
13Myc:LEUZMX6

vid22A::KANMX6

vid22A::KANMX6

VID22-3Flag:KANMX6

VID22-13Myc:LEUZMX6
TBF1-3Flag:KANMX6

vid22(N878A)-13Myc:LEU2MX6
TBF1-3Flag:KANMX6

vid22(Q880A)-13Myc:LEU2MX6
TBF1-3Flag:KANMX6

vid22(D887A-D889A-D891A)-
13Myc:LEUZMX6
TBF1-3Flag:KANMX6

vid22(L893P)-13Myc:LEUZMX6
TBF1-3Flag:KANMX6

vid22(L893P)-13Myc:LEU2MX6
TBF1-3Flag:KANMX6

VID22-3Flag:KANMX6

VID22-3Flag:KANMX6

VID22-3Flag:KANMX6

VID22-3Flag:KANMX6

VID22-3Flag:KANMX6

VID22-3Flag:KANMX6

chrVIll 512307G:C 512323G:C

TBF1-13Myc:HIS3MX6

vid22A::HPHMX6
TBF1-3Flag:KANMX6

vid22A::HPHMX6
TBF1-3Flag:KANMX6
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Plasmid

pGELE36

pFL276

pFL241

pFL241

pFL247

pFL243

pFL248

pFL245

pFL246

pFL330

pGELE36

pFL276

Source
this
work
this
work
this
work
this
work
this
work
this
work
this
work
this
work

this
work

this
work
this
work
this
work
this
work
this
work
this
work
this
work
this
work

our lab

our lab

our lab

our lab



Name

YGE253

YGE651
YGE654

YGE671

YGE722

YGE723

YGE877
YGE880

YHN93

YNOV124

Background
YHN93

BY4741
BY4741

BY4741

BY4741

BY4741

BY4741
BY4741

EGY48

BY4741

Genotype

VID22-13Myc:HIS3MX6

TBF1-13Myc:HIS3MX6

vid22A::KANMX6
TBF1-13Myc:HIS3MX6

vid22A::KANMX6

vid22A::KANMX6
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Plasmid

pEG202
pJG4-5

pGREG
535

pGELE23

pRS415
pRS415

pSH18-
34

Source

our lab

our lab

our lab

our lab

this
work

this
work

our lab

our lab

R. Brent

our lab



7.1.2 Plasmids

Name

pEG202

pFL228

pFL230

pFL231

pFL232

pFL234
pFL241

pFL243

pFL245

pFL246

pFL247

pFL248

pFL276

pFL330

pGELE23

pGELE36

pGELES53

pGELE54

pGELES5

Insert

PADH1:lexA

pGAL1:7HA-
vid22(N878A)
pGAL1:7HA-
vid22(K873A-
K8754A)
pGAL1:7HA-
vid22(Q880A)
pGAL1:7HA-
vid22(D887A-
D889A-D891A)
pGAL1:7HA-
vid22(L893P)
pVID22:VID22-
13Myc
pVID22:vid22
(N8784)-13Myc
pVID22:vid22
(D887A-D889A-
D891A)-13Myc
pVID22:vid22
(L893P)-13Myc
pVID22:vid22
(K873A-K8754)-
13Myc
pVID22:vid22
(Q880A)-13Myc
pVID22:vid22
(C87A-C90R-
H110Y-H115Y)-
13Myc
pVID22:vid22
(F194A)-13Myc

pGAL1:7HA-VID22

pVID22:VID22-
13Myc

pGAL1:7HA-
vid22#8

pGAL1:7HA-
vid22#29

pGAL1:7HA-
vid22#36

Selection in
E. coli, yeast

bla, HIS3
bla, LEUZ

HIS3 KANMX6

bla, LEUZ
HIS3 KANMX6

bla, LEUZ
HIS3 KANMX6

bla, LEUZ2
HIS3 KANMX6

bla, LEUZ
HIS3 KANMX6

bla, LEU2

bla, LEUZ

bla, LEU2

bla, LEUZ

bla, LEU2

bla, LEUZ

bla, LEUZ

bla, LEUZ2

bla, LEU2
HIS3 KANMX6

bla, LEUZ

bla, LEU2
HIS3 KANMX6

bla, LEUZ
HIS3 KANMX6

bla, LEU2
HIS3 KANMX6
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Additional features

E. coli ori,
S. cerevisiae
2 replication origin
E. coli ori,
S. cerevisiae CEN6 ARS

E. coli ori,
S. cerevisiae CEN6 ARS

E. coli ori,
S. cerevisiae CEN6 ARS

E. coli ori,
S. cerevisiae CEN6 ARS

E. coli ori,

S. cerevisiae CEN6 ARS
E. coli ori,

S. cerevisiae CEN6 ARS
E. coli ori,

S. cerevisiae CEN6 ARS

E. coli ori,
S. cerevisiae CEN6 ARS

E. coli ori,
S. cerevisiae CEN6 ARS

E. coli ori,
S. cerevisiae CEN6 ARS

E. coli ori,
S. cerevisiae CEN6 ARS

E. coli ori,
S. cerevisiae CEN6 ARS

E. coli ori,

S. cerevisiae CEN6 ARS
E. coli ori,

S. cerevisiae CEN6 ARS
E. coli ori,

S. cerevisiae CEN6 ARS
E. coli ori,

S. cerevisiae CEN6 ARS
E. coli ori,

S. cerevisiae CEN6 ARS
E. coli ori,

S. cerevisiae CEN6 ARS

Size

(bp)

10166

11227

11227

11227

11227

11227

9987

9987

9987

9987

9987

9987

9987

9987
11227
9987
11089
11227

11092

Source

R. Brent

this work

this work

this work

this work

this work

this work

this work

this work

this work

this work

this work

this work

this work

our lab

our lab

this work

this work

this work



Name

pGELE56

pGELE57

pGELE58

pGELE59

pGELE60

pGELE61

pGELE62

pGREG
535

pJG4-5

pRS415

pSH18-34

Insert

pGAL1:7HA-
vid22#44

pGAL1:7HA-
vid22#69

pGAL1:7HA-
vid22#76

pADH1:lexA-VID22

pGAL1:NLS-B42-
HA-VID22

pADH1:lexA-TBF1

pGAL1:NLS-B42-
HA-TBF1

pGAL1:7HA

pGAL1:NLS-B42-
HA

8LexAop:lacZ

Selection in
E. coli, yeast
bla, LEUZ2
HIS3 KANMX6
bla, LEUZ2
HIS3 KANMX6
bla, LEU2
HIS3 KANMX6

bla, HIS3

bla, TRP1

bla, HIS3

bla, TRP1

bla, LEUZ
HIS3 KANMX6

bla, TRP1

bla, LEUZ

bla, URA3
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Additional features

E. coli ori,
S. cerevisiae CEN6 ARS
E. coli ori,
S. cerevisiae CEN6 ARS
E. coli ori,
S. cerevisiae CEN6 ARS
E. coli ori,
S. cerevisiae
2u replication origin
E. coli ori,
S. cerevisiae
2u replication origin
E. coli ori,
S. cerevisiae
2u replication origin
E. coli ori,
S. cerevisiae
2u replication origin
E. coli ori,
S. cerevisiae CEN6 ARS
E. coli ori,
S. cerevisiae
2u replication origin
E. coli ori,
S. cerevisiae CEN6 ARS
E. coli ori,
S. cerevisiae
2u replication origin

Size
(bp)
11227

10885

11044

12807

8994

11790

7977

9689

6449

6021

10484

Source

this work

this work

this work

this work

this work

this work

this work

Euroscarf

R. Brent

R.S.
Sikorski

R. Brent



7.1.3 Oligos

Name 5'-3"sequence
chrVIIl:512387_F  ATGAGCAAAATGTGGTCAGC
chrVIIl:512564_ R ACCCAAACAAAAGCAGCAAG

chriX:382175_F AACCAAGACATCACTGCTTCC
chriX:382332_ R GATCGGCGCCAATATTAAAACG
chrXv:216099_F GCCTGATCGTGACCTAGACC

chrXV:216259_ R CACATAGGCTTTCCCCATTCG

chrlV:264290_F GGAAGAAAAGCACACCCTAGG

chrlV:264489_R  CGCATCATTTTCACGTCATACTC

chrVIIl:396975_F TTCAAAACGTGTCAGGGCTAC
chrVII:397108_R  CGCGGCGGAAATAATAAAAGC
SKN7_CDS_F GGCGAACAAAGTTGGGAGTT
SKN7_CDS_R TGTTGGGGTTAGTGCCTTCA
TBF1_CDS_F GTCGGTAACAACTCCCTGGA
TBF1_CDS_R CGTTCGTCTCGTCCTGAAAC
HHT2_F GCGTGAATAGCAGCCAGATTAGT
HHTZ2_R TCAATCTTCTGCTATCGGTGCTT
HIS7_F AGTTGTCCAGGTTCGATGATTC
HIS7 R TGCAATTTTCCAACCGTCATTTT
C
ATGCTGGAGGCAGTAAAAGCCAA
VID22_C87A- GCTGGAGGCAG GCC
GTACCGCGGTGTGATAATAAGAC
C90R_F
GG
CCGTCTTATTATCACACCGCGGT
VID22_C87A-
ACTTGGCTTTTACTGCCTCCAGC
C90R_R
AT
VID22_H110Y- GAAGCCTCGCAAACTTATTTGTG

H115Y_F

VID22_H110Y-

H115Y R

VID22_F195A_F

VID22_F195A_R

GAGCACGTATAAGATAGACCCGA

TCGGGTCTATCTTATACGTGCTC
CACAAATAAGTTTGCGAGGCTTC

CAGAAAACTTGCCTCTGTCGGCC
GTAGACAACACTGCCGTACG

CGTACGGCAGTGTTGTCTACGGC
CGACAGAGGCAAGTTTTCTG
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Direction

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Length
(bases)

20
20
21
22
20
21
21
23
21
21
20
20
20
20
23
23
22

24

48

48

46

46

43

43

T

0
56
57
57
57
58
58
57
56
58
59
59
57
58
59
59
59
58

57

62

64

66

67

66

66

Purpose

gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis
gPCR analysis

gPCR analysis

QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis



Name

VID22_K873A-
K875A_F

VID22_K873A-
K875A_R

VID22_N878A_F

VID22_N878A_R

VID22_Q880A_F

VID22_Q880A_R

VID22_D887A-
D889A-D891A_F

VID22_D887A-
D889A-D891A_R

VID22_L893P_F

VID22_L893P_R

DP_VIII_ NEW_F

DP_VII. NEW_R

TBS_mut_B_F

TBS_mut_C_R

5'-3"sequence

GATTTAACTCAAGAGATTATTGC
AATTGCATTATTCAATGATCAAT
TCG

CGAATTGATCATTGAATAATGCA
ATTGCAATAATCTCTTGAGTTAA
ATC

GATTATTAAAATTAAATTATTCG
CAGATCAATTCGTGGCAAGTAAA
G

CTTTACTTGCCACGAATTGATCT
GCGAATAATTTAATTTTAATAAT
C

GATTATTAAAATTAAATTATTCA
ATGATGCATTCGTGGCAAGTAAA
GTGG

CCACTTTACTTGCCACGAATGCA
TCATTGAATAATTTAATTTTAAT
AATC

CGTGGCAAGTAAAGTGGCATACG
CATTGGCAACTTTACAAACTGCA
AG

CTTGCAGTTTGTAAAGTTGCCAA
TGCGTATGCCACTTTACTTGCCA
CG

GTGGATTACGACTTGGACACTCC
ACAAACTGCAAGTCAGTATCTTC

GAAGATACTGACTTGCAGTTTGT
GGAGTGTCCAAGTCGTAATCCAC

AAGTCGATTAAAAGTAGGGCTAA
CACAAGTATAAGCAGGGGAGCTC
GTTTTCGACACTGG

TGAGCCCTGCCCTCACTTATGGC
ATCCCTATTATAGCAAATCCTTA
CCATTAAGTTGATC

AAAGTCGATTAAAAGCCGGGCTA
ACACAAGTATAAGCAGGGTTTTG
CTATAACCGGGATG

TGAGCCCTGCCCTCACTTATGGC
ATCCCGGTTATAGCAAAACCCTG
CTTATACTTGTGTT
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Direction

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Length | Tm"
(bases) | (°C)

49 50
49 50
47 54
47 53
50 56
50 57
48 55
48 54
46 62
46 63
60 58
60 49
60 =
60 -

Purpose

QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
QuikChange
site-directed
mutagenesis
Delitto Perfetto
(CORE cassette
integration)
Delitto Perfetto
(CORE cassette
integration)
Delitto Perfetto
(replacement
cassette)
Delitto Perfetto
(replacement
cassette)



Name

TBS_mut_ A_F

TBS_mut_D_R

TBS-G4_mut_B_F

TBS-G4_mut_C_R

TBS-G4_mut_A_F

TBS-G4_mut_D_R

VID22_F1-A

VID22_F2-
HA/Myc

VID22_F2-Flag

VID22_856-
901A_F

VID22_R1

VID22_R1-
pFL241

TBF1_F2-Myc

TBF1_F2-Flag

5'-3"sequence

AAAAAAAAAAAAAAAAAGTTTT
TCTTAAATGCATAGGTTTAAAGT
CGATTAAAAGTCGGG

AAAAATTCAGAATTTCGGAAAAT

CCATGTACGCGCATCGATGAGCC
CTGCCCTCACTTAT

AAAGTCGATTAAAAGTCGGGCTA
CACAAGTATAAGCAGGGTTTTGC
TATAACCGCGATG

TGAGCCCTGCGCTCACTTATGGC
ATCGCGGTTATAGCAAAACCCTG
CTTATACTTGTGTT

AAAAAAAAAAAAAAAAAGTTTT
TCTTAAATGCATAGGTTTAAAGT
CGATTAAAAGTCGGG

AAAAATTCAGAATTTCGGAAAAT
CCATGTACGCGCATCGATGAGCC
CTGCGCTCACTTAT

GCTGGCAGCATCCACAGGATAAA
CAAGCACGAGAGCACATCGGATC
CCCGGGTTAATTAA

CGACTTGGACACTTTACAAACTG
CAAGTCAGTATCTTCCACGGATC
CCCGGGTTAATTAA

CGACTTGGACACTTTACAAACTG
CAAGTCAGTATCTTCCATCTCAT
CATCATCATCATGG

ATGCAATGTCAGTCATCTTCCTC
CATTAGGGGAGAGTACTCATTTC
GGATCCCCGGGTTAATTAA

CTAAAATTTAAAACAAACAGACT
TTGTTCCTTTGTATGTCGAATTC
GAGCTCGTTTAAAC

CTAAAATTTAAAACAAACAGACT
TTGTTCCTTTGTATGTCTTTCCT
TATCACGTTGAGCC

ACATCGGACAATACAGGTTTTGA
TCCTCATTTAGAAGATGGGATGC
GGATCCCCGGGTTAATTAA

ACATCGGACAATACAGGTTTTGA
TCCTCATTTAGAAGATGGGATGT
CTCATCATCATCATCATGG
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Direction

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Forward

Forward

Forward

Reverse

Reverse

Forward

Forward

Length | Tm"
(bases) | (°C)

60

60

60

60

60

60

60

60

60

65

60

60

65

65

56

60

56

60

55

55

50

54

53

54

55

50

Purpose

Delitto Perfetto
(replacement
cassette)

Delitto Perfetto
(replacement
cassette)

Delitto Perfetto
(replacement
cassette)

Delitto Perfetto
(replacement
cassette)

Delitto Perfetto
(replacement
cassette)

Delitto Perfetto
(replacement
cassette)

Deletion

C-terminal
epitope tagging

C-terminal
epitope tagging

Mutagenesis and
C-terminal
epitope tagging

Deletion,
epitope tagging

Mutagenesis and
C-terminal
epitope tagging

C-terminal
epitope tagging

C-terminal
epitope tagging



Name

TBF1_R1

Vid22_F_pEG202

Vid22_F_p]JG4-5

Vid22_TH_R

Tbf1_F_pEG202

Tbf1_F_pJG4-5

Tbf1_TH_R

5'-3"sequence

TGGTTCAATAGAAAATTAGAAGT

CTGTTCATTTAAGCGCGGAATTC
GAGCTCGTTTAAAC

TGGCGGTTGGGGTTATTCGCAAC
GGCGACTGGCTGATGAGAGCGAT
GGACACACAGGTAC

GCCTCCTACCCTTATGATGTGCC
AGATTATGCCATGAGAGCGATGG
ACACACAGGTACAG

CTTATTTAATAATAAAAATCATA
AATCATAAGAAATTCGCCTATGG
AAGATACTGACTTGCAG

GCGGTTGGGGTTATTCGCAACGG
CGACTGGCTGATGGATTCGCAAG
TGCCCAATAATAAC

GCCTCCTACCCTTATGATGTGCC
AGATTATGCCATGGATTCGCAAG
TGCCCAATAATAAC

CTTATTTAATAATAAAAATCATA
AATCATAAGAAATTCGCCTACAT
CCCATCTTCTAAATGA

Direction

Reverse

Forward

Forward

Reverse

Forward

Forward

Reverse

Length | Tm"
(bases) | (°C)

60

60

63

63

60

60

62

62

63

56

60

60

50

Purpose

C-terminal
epitope tagging

Yeast two hybrid
plasmid
construction

Yeast two hybrid
plasmid
construction

Yeast two hybrid
plasmid
construction

Yeast two hybrid

plasmid
construction

Yeast two hybrid
plasmid
construction
Yeast two hybrid
plasmid
construction

Underlined portions in oligos sequence do not anneal to template DNA.

*Tm of the annealed portion of the oligo was retrieved from SnapGene which

assumes a 50mM Na* concentration and a 0,25uM oligo concentration.

Oligos were purchased from Eurofins Genomics.
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7.1.4 Antibodies

Antibody Specificity Clonality Host Dilution Source

supernatant from
9E10 Myc Myc tag monoclonal mouse 1:30 hybridoma
cultures
supernatant from
12CAS5 HA HA tag monoclonal mouse 1:30 hybridoma

cultures

ANTI-FLAG® M2

Flag tag monoclonal mouse 1:2000 Sigma-Aldrich
(F1804)
LexA Antibody 2-12 LexA monoclonal mouse 1:300 Santa Cruz
Pgk1l
Pgk1l polyclonal rabbit 1:2000 Cusabio

(CSB-PA00035A0RD)
Goat anti-mouse HRP  mouse IgG  polyclonal goat 1:30000 Thermo Fisher
Goat anti-rabbit HRP  rabbitIgG  polyclonal goat 1:30000 Thermo Fisher

7.2 Yeast strain development, growth and treatment conditions

Yeast strains were obtained by transformation with the LiAc/ssDNA/PEG
method#>3-455, The one-step PCR-mediated technique*>6-458 was used to replace by
homologous recombination target genomic sequences for mutagenesis and epitope
tagging purposes. All plasmids and yeast strains were sequenced (Eurofins
Genomics) at targeted sites to confirm proper cloning, tagging and/or mutagenesis.
VID22 cloned in different plasmids (pGELE36, pGELE23, pFL241) was subjected to
in vitro site-directed mutagenesis with the QuikChange approach#1°. The obtained
plasmids were either directly transformed in cells or used as PCR templates for the
generation of recombination cassettes. Plasmid pFL241 was obtained from
pGELE36 by Pvull digestion and in vitro cloning to invert pVID22:VID22-13Myc
direction such that LEUZ selection marker is placed downstream. Mutagenesis of the
SKN7 promoter was accomplished through the ‘Delitto Perfetto’ strategy+12459 with
oligos listed in Table 7.1.3. VID22 random mutagenesis was performed by 5
independent PCR amplifications unbalancing one or two dNTPs at a time (0,05mM-

1mM dCTP, 0,05mM-1mM dTTP, 2mM dGTP, 2ZmM dATP) and with tailed primers
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carrying homology towards pGREG535. Mutant alleles were cloned in vivo by gap
repair#t in the recipient vector linearised with Sall. Cells were plated on solid 2%
raffinose, 2% galactose plasmid-selective media and ~150 surviving clones were
selected for protein size and accumulation analysis. The obtained plasmids were
purified from the selected yeasts, amplified in E. coli and sequenced. The strains
used in the related spot assay were obtained by transformation of wild-type cells
with purified vectors. Yeast two hybrid vectors were obtained by PCR amplification
of wild-type VID22 and TBF1 with tailed primers carrying vector-homologous
sequence and cloned in vivo by gap repair#t0 in both bait pEG202 and prey p]JG4-5
plasmids linearised with BamHI + EcoRI and EcoRI + Xhol, respectively.

Yeast cells were grown on liquid or solid (2% agar) complete (1% yeast extract; 2%
peptone; 2% glucose/raffinose/galactose as specified) or synthetic-defined (0,17%
Yeast Nitrogen Base Difco™; 0,5% ammonium sulfate; 0,05mg/mL L-Thr;
0,025mg/mL L-Phe; 0,025mg/mL L-Tyr; 0,025mg/mL L-Lys; 0,025mg/mL L-Ile;
0,025mg/mL L-Arg; 0,025mg/mL L-Met; 0,025 mg/ml adenine; 2%
glucose/raffinose/galactose as specified) media. To maintain selection, proper
combination of additional amino acids and bases were supplemented to synthetic-
defined media (0,05mg/mL L-Trp; 0,05mg/mL L-Leu; 0,05mg/mL L-His;
0,05mg/mL uracil). When antibiotics were added to the synthetic-defined medium
(50pg/mL geneticin, G418), ammonium sulfate was replaced by L-Glu. For spot
assays testing sensitivity to genotoxic agents, 50mM, 100mM or 200mM
hydroxyurea (HU, USBiological) or 125ng/uL, 250ng/uL or 500ng/uL bleomycin
sulfate (BM, Sigma) were supplemented to the solid medium. Strains for the yeast
two hybrid X-Gal plate assay were plated on 2% agar; 7mg/mL sodium hydrogen
phosphate hydrate; 3mg/mL sodium dihydrogen phosphate; 0,17% Yeast Nitrogen
Base Difco™; 0,5% ammonium sulfate; 0,05mg/mL L-Thr; 0,025mg/mL L-Phe;
0,025mg/mL L-Tyr; 0,025mg/mL L-Lys; 0,025mg/mL L-Ile; 0,025mg/mL L-Arg;
0,025mg/mL L-Met; 0,05mg/mL L-Leu; 0,025mg/mL adenine; 2,5% galactose; 2,5%
raffinose; 0,08mg/mL 5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside. For
TMPyP4 (Sigma) treatment, overnight cultures grown in liquid glucose-containing
synthetic-defined media were diluted in fresh media supplemented with 100uM

TMPyP4 and grown at 28°C in the dark. The ODsoo of the treated cultures was

130



measured every hour for 8 hours. Cell cycle progression was monitored by flow

cytometry*!> and analysed with Flow]Jo v10 software33.

7.3 Spotassay

Qualitative growth tests were performed starting from dilution of log-phase yeast
cultures to 2x106 cells/mL (ODsoo 0,06). Three 10-fold serial dilutions were
prepared for each strain and 8uL of the four dilutions plated on solid complete or
synthetic-defined media containing the specified carbon source. Growth medium
was supplemented with 50mM, 100mM or 200mM hydroxyurea (HU, USBiological)
or 125ng/uL, 250ng/uL or 500ng/uL bleomycin sulfate (BM, Sigma) where

indicated. Plates were incubated at 28°C for 3 days and scanned for documentation.

7.4 RNA extraction and RT-qPCR analysis

Total RNAs were isolated from 2x108 log-phase yeast cells with High Pure RNA
[solation Kit (Roche) following the manufacturer protocol. Following sample
quantification with NanoDrop™ UV-Vis Spectrophotometer (Thermo Scientific),
500ng RNA were retrotranscribed with iScript™ cDNA Synthesis Kit (Bio-Rad) in a
reaction mix final volume of 20uL/sample by 5min incubation at 25°C, 30min at
42°C, and 5min at 85°C. cDNA was stored at -20°C prior qPCR analysis. cDNAs were
analysed using primer pairs listed in Table 7.1.3 producing amplicons within 120-
200bp size range. qPCR was performed in 20puL reactions containing ready-to-use
Quantitative Master Mix with SYBR® Green GeneSpin (with Xtra Taq Pol, dNTPs,
MgCl2 and stabilizers optimized for use in real time PCR amplification), primers
(130-150nM) and template (2uL 1:5 cDNA dilution). All components were mixed in
96-well hard-shell PCR plates with clear wells (Bio-Rad), which were sealed with
optically clear adhesive Microseal® ‘B’ seals (Bio-Rad) and centrifuged at 1000xg
for 10s. The thermal conditions during reaction were 3min at 95°C followed by 39
thermal cycles at 62°C for 30s and 95°C for 10s. qPCR was performed on a CFX
Connect Real Time PCR System (Bio-Rad). PCR efficiencies were 90-105%
calculated from standard curves of serial dilutions of input samples (1:5, 1:25, 1:125,
1:625 and 1:3125). All reactions were performed in technical triplicates, along with

no template controls. Relative gene expression was calculated for the target gene
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relative to the HHTZ internal standard by subtracting their respective cycle
thresholds (ACt). This difference was then subtracted to that of the reference sample
(AACt) and the obtained value utilized as the negative exponent of 2 (2-24Ct), Means
of relative gene expression and standard errors were calculated for biological
replicates and unpaired Student’s t-test was used to determine statistical

significance between samples.

7.5 Chromatin immunoprecipitation

ChIP was performed as described?63. Yeast strains used in ChIP experiments were
obtained by C-terminally tagging the proteins of interest with either 13Myc or 3Flag
epitopes. Overnight cell cultures, pre-grown in complete or synthetic-defined media,
were diluted into 50mL fresh medium to a cell density of 4x106 cell/mL and grown
at 28°C until they reached a density of 1.5-2x107 cell/mL before being cross-linked
with 1% formaldehyde (Sigma) for 10 min at 25°C. Cross-linking was quenched by
addition of 125 mM glycine (Sigma) prior to cell harvesting, washing and freezing at
-80°C until further analysis. Approximately 5x108 log-phase cell pellets were
resuspended in 600puL in ChIP lysis buffer (1% NP-40 for ChIP anti-Myc, or 1%
Triton X-100 for ChIP anti-Flag; 140mM NaCl; 50mM HEPES pH 7,5; 1mM EDTA pH
8,0; 0,1% sodium deoxycholate; 1mM phenylmethylsulfonyl fluoride Sigma;
cOmplete Protease Inhibitor Tablets Roche of appropriate size and quantity) and
600uL acid-treated glass beads (425-600um, Sigma) and mechanically lysed by bead
beating using the high-speed benchtop homogenizer FastPrep-24™ Classic
Instrument (MP Biomedicals) for six 15s cycles of vibrations at a speed of 5.5m/s,
each followed by a 1min sample incubation on ice. Following centrifugation at
16000xg for 30min at 4°C, pellets were resuspended in 300uL ChIP lysis buffer and
sonicated for 15min (10 cycles, 30s on, 60s off) at high power at 4°C with a Bioruptor
Plus sonicator (Diagenode). Following addition of 300uL ChIP lysis buffer and two
refrigerated centrifugation steps at 9000xg for 5min and 15min, respectively, input
samples were collected (1/20 of total volume). Supernatants were then incubated
with 30uL/sample Dynabeads™ Protein G (Invitrogen) functionalised with 12,5pg
appropriate primary antibody (Table 7.1.4) for 2h at 4°C on rotation. Washing steps

and reverse crosslinking were performed as previously described*6l. Input and
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immunoprecipitated DNA was purified using Wizard® SV Gel and PCR Clean-Up
System (Promega) and elution performed in 60-80uL nuclease-free water. DNA was
quantified with Qubit 4 Fluorometer using Qubit dsDNA HS Assay kit (Invitrogen)
to approximately 0.5-1 ng/puL in the input and 0.1-0.5ng/pL in the

immunoprecipitated samples. Samples were analysed by qPCR and stored at —-20°C.

7.6 gPCR analysis

gPCR analysis of ChIP samples was performed as described263. Input and
immunoprecipitated DNA were analysed using primer pairs listed in Table 7.1.3
producing amplicons within 80-200bp size range. qPCR was performed in 25uL
reactions containing ready-to-use Quantitative Master Mix with SYBR® Green 2x
GeneSpin (with Xtra Taq Pol, dNTPs, MgClz and stabilizers optimized for use in real
time PCR amplification), primers (130-200nM) and template (2uL 1:100 input or
undiluted immunoprecipitated DNA) or in 20uL reactions containing ready-to-use
Luna® Universal gPCR Master Mix 2x NEB (allowing quantitation of target DNA
sequences using the SYBR®/FAM channel and containing Hot Start Taqg DNA
Polymerase), primers (350-390nM) and template (5uL 1:100 input or undiluted
immunoprecipitated DNA). All components were mixed in 96-well hard-shell PCR
plates with clear wells (Bio-Rad), which were sealed with optically clear adhesive
Microseal® ‘B’ seals (Bio-Rad) and centrifuged at 1000xg for 10s. The thermal
conditions during reaction were 3min at 95°C followed by 39 thermal cycles at 62°C
for 30s and 95°C for 10s with GeneSpin Master Mix or 1min 15s at 95°C followed by
39 thermal cycles at 58°C for 45s and 95°C for 15s with LUNA Master Mix. qPCR was
performed on a CFX Connect Real Time PCR System (Bio-Rad). PCR efficiencies were
90-105% calculated from standard curves of serial dilutions of input samples (1:5,
1:25,1:125, 1:625 and 1:3125). All reactions were performed in technical triplicates,
along with no template controls. Fold enrichment was calculated using the Pfaffl
method462 from the difference between immunoprecipitated and input cycle
threshold values (after correcting for input sample dilution) of the target gene and
the HHTZ or HIS7 internal standards. Means of fold enrichment and standard errors
were calculated for biological replicates and unpaired Student’s t-test was used to

determine statistical significance between samples.
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7.7 Protein extraction, SDS-PAGE, and Western blot analysis

Protein extraction, SDS-PAGE and detection by Western blot analysis were
performed for all tagged proteins. Denatured total protein extracts were obtained
by trichloroacetic acid extraction#é3. Protein extracts were resolved by SDS-PAGE
(10% polyacrylamide resolving gel). Western blots were performed with the
indicated tag-specific primary antibodies listed in Table 7.1.4., and goat anti-mouse
HRP as secondary antibody, by standard procedures. Chemiluminescence signal was

acquired using a ChemiDoc™ Touch Imaging System (Bio-Rad).

7.8 Co-immunoprecipitation

Yeast strains used in co-IP experiments were obtained by C-terminally tagging the
proteins of interest with either 13Myc, 3HA, or 3Flag epitopes. Overnight cell
cultures, pre-grown in complete or synthetic-defined media, were diluted into 50mL
fresh medium to a cell density of 4x10¢cell/mL and grown at 28°C until they reached
a density of 1.5-2x107 cell/mL before being harvested, washed and frozen at -80°C
until further analysis. Approximately 5x108 log-phase cell pellets were resuspended
in 500pL Inhibitor Buffer (50mM Tris-HCl pH 7,5; 150mM NacCl; 5mM EDTA pH 8,0;
0,1% Triton X-100; 50mM NaF; 10mM -glycerophosphate; 1mM
phenylmethylsulfonyl fluoride Sigma; 1mM Na3VOs4; cOmplete Protease Inhibitor
Tablets Roche of appropriate size and quantity) and 600uL acid-treated glass beads
(425-600pum, Sigma) and mechanically lysed by bead beating using the high-speed
benchtop homogenizer FastPrep-24™ Classic Instrument (MP Biomedicals) for six
15s cycles of vibrations at a speed of 5.5m/s, each followed by a 1min sample
incubation on ice. Following lysate clarification by centrifugation at 16000xg for 30
min at 4°C, total protein concentration of the supernatant was estimated through a
Bradford protein assay by measurement of the absorbance at 595nm of sample
aliquots stained with Coomassie Brilliant Blue (Bio-Rad) and normalised by means
of a standard BSA calibration curve to 2mg/mL unless stated otherwise in 1mL final
volume. Following collection of input sample (1/20 of total volume), ~2mg of
normalised proteins were incubated with 40pg free tag-specific primary antibody
(Table 7.1.4) for 2h at 4°C on rotation, and, subsequently, with 40uL/sample

Agarose Protein G (GeneSpin) bead suspension in 1xPBS, pre-saturated with
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0,1mg/mL BSA. Following collection of 50uL immunodepleted sample controls and
washing of the unbound material with inhibitor buffer, the immunoprecipitated
fractions were recovered in Laemmli buffer (60mM Tris-HCl pH 6,8; 2% sodium
dodecyl sulfate; 10% glycerol; 100mM dithiothreitol; 0,025% bromophenol blue) at
95°C for 5min. Input, immunodepleted and immunoprecipitated samples were

analysed by Western blot.

7.9 Yeast two hybrid assay

The bait proteins were fused to the E. coli sequence-specific DNA-binding LexA
repressor, which recognizes a 16 bp palindromic operator sequence (5'-
CTGTATATATATACAG-3"), while the preys were joined to the E. coli B42 acidic
sequence acting as a transcriptional activation domain. Yeast two hybrid constructs
and control vectors were transformed in the appropriate combinations in the yeast
strain YHNO93 carrying the reporter plasmid pSH18-34 with four LexA operators
upstream of lacZ. The obtained strains were grown in both inductive and non-
inductive selective media (-His, -Trp, -Ura, 2% raffinose, 2% galactose as inductor)
for 4h. Proper accumulation of the protein chimaeras was confirmed by Western
blot. The obtained strains and appropriate controls were patched on agar plates
containing the substrate X-gal for assaying (3-galactosidase activity, grown at 28°C

over-night in the dark and scanned for documentation.

7.10 Purification and negative staining electron microscopy

Vid22 was purified from BL21(DE3)pLysS E. coli cells. Cells were grown in LD with
50g/mL ampicillin at 30°C until ODsoonm 0,5 prior to induction of protein expression
by addition of 0,2mM IPTG at 30°C for 3-4h. For protein purification, cells were
disrupted in Lysis buffer (300mM NaCl, 50mM sodium phosphate pH 7)
supplemented with 30mM imidazole by sonication for 15min (10 cycles, 30s on, 60s
off) at high power at 4°C with a Bioruptor Plus sonicator (Diagenode). Protein
extracts were clarified by centrifugation at 27200xg for 1h at 4°C. Clarified extracts
were then loaded into a Ni-NTA Agarose matrix (Qiagen) previously washed with
Lysis buffer supplemented with 50mM imidazole. Proteins were eluted in Lysis

buffer with 250mM imidazole. Proteins were dialysed in 200mM NaCl, 50mM Tris-
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HCl pH 7,5 using Thermo Scientific™ SlideA-Lyzer™ Dialysis Cassettes 3500 MWCO.
For biochemical assays, proteins were subjected to a second purification step
through size exclusion chromatography with multi-angle static light scattering.
500pL of the 1mg/mL sample were loaded on a Superdex® 200 Increase 10/300 GL
column (10-600 kDa, Sigma) with a 0,4mL/min flow. Main peak corresponding to
Vid22 dimer was eluted at ~27min. For negative staining electron microscopy
analysis, 4 uL of Vid22 at 0,02mg/mL in 200mM NacCl, 50mM Tris-HCI pH 7,5 buffer
were transferred to glow-discharged 400 mesh carbon coated Cu grids (Agar
Scientific) and grids were blotted after 1min with Whatman filter paper. After
washing, grids were contrasted with 2% uranyl acetate for 1min and blotted.
Observations were carried out on a Talos L120C microscope (Thermo Scientific)
with an accelerating voltage of 120kV, and images acquired with a Ceta 4kx4k
camera at a nominal magnification of 73.000 corresponding to a pixel size of 1.9
A /pix. 169 micrographs were recorded within a defocus range of -1,0pm to -3,5um,
and then imported in RELION 3.1464 for data preprocessing. CTF estimation was
carried out with CTFFIND4465, 70 micrographs were selected with a defocus range
within -1,3um to -2,5um and 23.664 particles were picked with a Laplacian-of-
Gaussian protocol with a radius range within 100A-200A. Particles were extracted
with a box size of 128 pix and imported in CRYOSPARC 4.2.1422, After two rounds of
2D classification, 13.128 particles were selected and used for ab initio
reconstruction with one single class and C1 symmetry. The initial model was used
for a homogeneous refinement with C2 symmetry and a final resolution of 164,

according to the gold standard FSC of 0.143.

7.11 Evolutionary conservation analysis

Protein sequences of 332 budding yeasts species were retrieved from published
data28>. A local BLAST database of 1.689.424 proteins from 332 budding yeasts
genomes was compiled from the FASTA file of the aminoacidic sequences using the
NCBI makeblastdb application via Microsoft Windows Command Prompt. Using
BLAST2.7.1+ suite of command-line tools, homologous sequences to Vid22 query
were searched in the local database with a protein-protein BLAST. The multiple

sequence alignment of Vid22 homologs was performed with MUSCLE progressive
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alignment algorithm#18, using SeaView user interface*®®. No manual corrections
were carried out. Jalview467 was used to visualise and export the multiple sequence
alignment after masking redundant sequences. Only the columns of the multiple
sequence alignments corresponding to Vid22 sequence devoid of gaps are shown.
Domain predictions and secondary structure annotations are reported. Consensus
logo displayed below the alignment indicates the relative number of residues per
column, which can be estimated by its size in the logo, and gaps in columns were
included by default in this calculation. Alignment Quality quantitative annotation
was automatically calculated and represents is an ad-hoc measure of the likelihood
of observing the mutations (if any) in a particular column of the alignment. The
quality score is inversely proportional to the average cost of all pairs of mutations
observed in a particular column of the alignment. A high alignment quality score for
a column suggests that there are no mutations, or most mutations observed are
favourable. The quality score is calculated for each column in an alignment by
summing, for all mutations, the ratio of the two BLOSUM62 scores for a mutation
pair and each residue's conserved BLOSUM62 score (which is higher). This value is
normalised for each column, and then plotted on a scale from 0 to 1. Alignment

occupancy reflects the number of residues aligned at each column.

7.12 Structural models

Vid22 structure predictions were performed using the ColabFold (version 1.3.0)
implementation of AlphaFold2-multimer (version 2) on alocal server equipped with
an NVIDIA A100 GPU with 80GB RAM. Vid22 homodimer was predicted using its
full-length sequence. Five models were generated using 12 recycles. The top three
predictions are within 2A of root mean square deviation (excluding the disordered
regions) from each other, with the two remainder predictions showing the same
monomeric conformation but a different quaternary structure. The conformation of
the monomer can be superimposed on the prediction deposited in the AlphaFold
Protein Structure Database (C7GRW®6). The Predicted Aligned Error (PAE) and the

per-residue model confidence score (pLDDT) are reported.
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8 List of Abbreviations

BM Bleomycin sulfate

dNTP deoxyribonucleotide

G4 G-quadruplex, G-tetraplex
HU hydroxyurea

MSA Multiple sequence alignment

TMPyP4 meso-5,10,15,20-Tetrakis-(N-methyl-4-pyridyl)porphine
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10 Appendix

10.1 VID22 counteracts G-quadruplex-induced genome instability

[ contributed to this publication with main figures 1 F-G, supplementary figures S1
A-B, S4 B, S6 A-C, and to additional data which were only presented to the referees
during the revision of the manuscript and are shown in this thesis in figures 1 A-F,
3 B, 4 C-D, 5 A and 6. I also participated in text revision and editing during the

revision of the manuscript.
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ABESTRACT

Genome instability is a condition characlerized by
the accumulation of genetic alterations and is a
hallmark ol cancer cells. To uncover new genes
and cellular pathways affecting endogenous DNA
damage and genome integrity, we cxploited a Syn-
thetic Genetic Array (SGA)-based screen in yeast,
Among the positive genes, we identified WID22, re-
ported to be involved in DNA double-strand break
repair. vid224 cells exhibit increased levels of en-
dogenous DNA demage, chronic DNA damage re-
sponse activation and accumulate DNA aberrations
In sequences displaying high probabiiities of form-
Ing G-quadruplexes (G4-DNA). If nol resolved, these
DNA secondary structures can block the progres-
sion of both DNA and RNA polymerases and cor-
relale with chromosaome fragile sites. Vid22 binds to
and protects DNA al Gd-containing regions both in
vitro and in vive, Loss of VID22 causes an increase in
gross chromosomal rearrangemant (GCR} events de-

pendent on G-guadruplex forming sequences. Mare-
over, the absence of Vid22 causes defects in the cor-
recl mainlenance of G4-DNA rich elements, such as
telomeres and mIDMA, and hypersensitivity to the
Gd-stabilizing ligand TMPyP4. We thus propose that
Vid22 is directly involved in genome integrity main-
tenance as a novel regulator of G4 metabolism.

INTRODUCTION

DMA molecules are imtrinsecally unstabde (1) and wre of-
ten damaged by exposure to o viriety of endogenous and
enogenous genotonis agents (21, Whon nol correctly recog-
nized and repatred, lesions can impede DNA duplication
ancl endanger Futhiul Intnsmission of the genetic materinl
lin the progeny, To preserve penome mmlegriy, esukorvodic
cells possess evolutionarily conservid mechanisms that et
by hiandling problems or errors arising during DNA replica-
tion, repairing DINA lesions, monitoring chromosome seg-
regation and ensuring proper coordination of all these pro-
cesses with cell cyele progressiom {1-T), Falure of any of
these 1XNA infegrity pstll'w. s leads 100 comehition knowwn
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s “pemoanic nstabality”, chargcterized by the socamulution
of unrepaired [MNA damage and genetic alterations rangs
ing from point mutations, imserlions/deletions of few ne-
cleotides, or expunston/contruchon of repested sequences,
to gross chromasomal renrmangements and aneuploidy (8)
Genomic instability impairs eell viability and compelling
experimental evidence obtained in recent years in human
cells ahows thal it acts as o driveng fores during lumorigen-
ek (9 12).

I puelelition 10 genotoxc agenis, genomse mLegrity is also
Ihreatened by non-canomeal nucioie neid secondury siru-
tures. Indeed, certain genomic sequences hove the potentiul
Lo fiorm DYMA secondary structures such as triplexes, crucs-
forms, hadrpins, DNARNA hybrids and G-guadrupleses
{G-DMAY that may interfere wilth physiological DNA
mtabsslism (120 Gid-DMNA i one of the most cluracier-
ized altermtives 1o the classicel double helical DINA con:
formation and can ocedr when a streteh of two or mone
puanines is repeabed four times ot short distance, Hoogsteen
hydrogen bonding between four pranines wnd monovabent
catbois induces un extremely stabde plunar strocture called
a Gi-guariet (14, 15). Twao or more parallel G-quartets form
thee sor calbed Ciggiend ruples conformation that can be either
inira or intermaoleculur (nvelving two o7 mere strimebs) aml
each type can display different configorations (16,17)

Single-stranded TYNA (ssIDMA) formation can sponia-
neonsly induce the generation of G-quadruplexcs For this
reason, DNA transactbons thut expose ssDMNA, such nd
replication, transcnpiion and telomere metabolsm, pro-
muoie the Foldomg of Cid-DMA CTR) I nol promptly sesolved,
these structurcs can jeopandize DMA replication aml can
compromise felomere homeostasis In these contexts, cells
e evolved specinlized helicases thit recognize and wn-
wind G4-DNA fo preserve genetic stability. Several G4
helicases have been identified de vitre and b eiie, incled-
ing thee yenst Spsl wnad Ff proteind wnd mammalian BLM,
WEN, PLFI, and FANCT (19 330 1y addition to potess
tially detrimental effects; Gd-DNA struciures muy play im-
porant repudutory roles, While G4-DNA mpy be an obsis-
cle for the progression of DMNA polymerses, they also ap-
pear 1o be aotive componenis of metagoan replication on-
gins (reviewed in (24)). Moreover, abowt hall of all human
pericd conlain sequences prone o GE-DNA formatbon in
Uesir promoter regions (25.26), sugpesting o robe for these
strisctures in regulating gene expressaon. In accondance, te
promaier regions of K RAS wnd oMY gencs can form G-
DNA and, if stabilized, thete structures repress transenip-
tiom {27 28},

The identification and enalysis of the factors thut con-
tribiibe to preserving penome inlegrity 15 o major source ol
informition for understanding tumorigenesis wnd delining
new potential therspeutic tangete. While many malecutar
mechumisms underfving DNA metnbodism are now well un-
dersiood, several regulatory aspects are vel unclear, hini-
ing at the imvelvement of still unidentified plavers. Ge-
netic screens in budding vesst represent a powearful strat-
epy for the identiflcation of such factors From o Syn-
thetic Genetic Array (SGA) screen 1o identify new genes
requered o preven) spontmeows [XINA damage, we ibens
tified ¥7D22, which encodes o non-ssentml protein that
contrbules 10 @ heterotnmenc complex wath i paralog
Envl | and the essential Myb domain telomere-hinding pro-

s Thil (39300, Vid22 is o nuchear protein (31 contsin.
g baw domamns whose Tunctbons are not well descrbed, o
HED-type zing finger domaim and o RMNameH-hke domain
(3233} Previous reporis madicute s imvolvement m doubles
strand bresk |DSE) repair, und a role with Thil m maod-
ulating histone oocupancy in prosimity of DSB has been
supgested (M4,35), Moseover, Vid22 chromatin immunope-
cipitates wre sigmifcantly enriched in penes associiod with
predicied G4 regions (35), suggesting that Vid22 could -
terac] with Cid=E3N A dr viwr

Here, we delinese a roke for Yid22 in promotimg ihe sta-
bility of G4-DMNA regions i vive Whale penome sequenc-
ing of vil22A mutant strains allowed the charncerization
of the genomic loct and the types of mutations that acou-
milzie spontancously in the absence of Vid22 We observed
frequent gross chromissomal resrrngements (GCRs) in the
proximity of GADNA structures as well us alterations
tedomene regions and boss of mitochondnal TNA, all of
which wre penomic regions thal present high densities of
G4 motids. Accordingly, bess of Vid22 increases cell sen-
sitivity to the TMPyP4 (510,15 20-tetrutkis~ N-methyl-4-
pyridyl-21.23- H-porphyring ligand that binds and stabi-
N Cidb strucheres (36), We find that purified Yid22 15 ablie
1o binel chirectly DNA Geforming sequences i vitm, und
thal ¥id22 s enriched on chromatin at G4-DNA and sup-
presses chromosomal abermabons g G4DINA structures
Tepether, our dota mdicate that Vid22 controls G-DINA
mitubolism 1o maintain genome WeEnty.

MATERIALS AND METHODS
Yeast stvains, growih conditions and plasmids

All the strwins and plasmids used im this work are listed in
Supplementary Table 51 All the veast strains were derivesd
from BY4741, BY4742 and BY4743 (370 excepl strains
used for GOR adsays that detve from the YPHS00 buck-
ground (38), Yeast straing wene obiamed by standard pro-
cedhures of trunsformation and letrad dissection, A one-slop
PCR approuch was used to delete penes and to tag profeins
at the C-terminus, s described in (39), The eleven unrelaied
vl 2 A strains used in the PFGE analysis were obinined by
imdependent one-step deletions. For the analysis shown in
Supplementury Figure 528, wald-type and via?2A miuitants
werne oblained by tetrad dissection of :]lphuid YNOWV 38
(PT022 fvid22 40 wod grown m Y EPTY mesdhum m the same
comalitions so thal cells would go through the same number
of eell drsions. Platesu-phuise cultures were diluted with
fresh medium o allow re-prowth into plateau phase three
times. Finally, cells wese plaved on Y EPD to collect iselated
clones lor the PFGE ul'lu|yn&:

I the yeast strain YFLX22 the Gd in position Chr
VT 512304 512325 (17) was mulated using the “Delita
Perfetio sirategy (20}, Rnelly, the pOCORE cossolle was
umplilizd by PCR using G4 VI DMor ($-ATA TAA
TCA GGG CTT AAG TAA ACG CTT COGC TGT GAT
TIC CGA GCT COGT TTT OGA CAC TGG-3) and
Gl VI DPrey (3-ATT TAA GAA AAMACTT TTT TTT
TTT TTT TTT OG0 ATG ATA TTC CTT ACC ATT
AAD TTCG ATC-3'h oligos and transformed in YGEST.2
The Dehitto Perfetio’ cossette was then replaced by ds-
DMNA contuining the desired mutations obtained os de-
seribed bebow First, we umplified genomic DMNA frap-
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ment | by POR wsing oligos G4 VI Afor (3-00T CAT
CTA TAT ATA ATC AG-X) wml G4 VT Rrey (506G
TCA CTT ATG GUA TOG OTA TTA TAG TAA AAL
CCT GCT T-2), and fragment 2 using oligo GA_VIIL_Cror
[¥-AAC ACA AGT ATA AGC AGG GTT TTG CTA
TAA TAGCGA TG CAT AAG TGA GOG CAG GGC
TCA-Fjand GA VI Drev {8 - TTG ACA AATGTTTCA
GAT fr-]'_} Then, the PCR I'mym:nl'.'. 1 e 2 owere
nnmeaked and amplified wing obiges GV L Afor and
GA VI Dy, The oligos Brey und Clor contion the de-
sired mutotions A similar strategy was used o mutagenized
Thil-BS, using the folowing oligos: DP VI NEW for
(¥-AAG TOG ATT AAA AGT AGG GCT AAC ACA
AGT ATA AGC AGH GOA GOT COT TIT CGA CAC
TG, DPVITLNEW nev (8-TGA GOC CTG COC
TEA CTT ATG GOA TOU CTA TTA TAG CAA ATC
CTT ACC ATT AAG TTG ATC-Y), TBF1.BS mut.Bior
(F-AAA OTC GAT TAA AAG CCC GOC TAA CAC
AAG TAT AAG CAG GGT TTT GCT ATA ACC GGG
ATG-3), TBF_BS_mut_Crev (¥-TGA GOC CTG COC
TOA CTT ATG GUATOC COG TTA TAG CAA AT
COTGOT TAT ACT TUT GTT-3), Thil _BS mual Afori§'-
AAA AAA AAA AAA AAA AAG TTT TTC TTA AAT
GOA TAG GTT TAA AGT CGA TTA AAA GTC GGG-
¥, TBFLBS man Dy (5-AAA AAT TCA GAA TTT
COG AAA ATC CAT GTA CGC GCA TOG ATG AGC
COT GCC CTC ACT TAT-3'k, Thil_BS_ G4 mr_Bior (5'-
AAAGTE GAT Tas AAMG TOG GOC TAA CAC AAG
TAT AAG CAG GOT TTT GUT ATA ACC GOG ATG-
3y, Ted ] BS. G mat Crev (5 TGA GOC CTG OGO TCA
CTT ATG GUA TOG UGG TTA TAG TAA AAC OUT
GUT TAT ACT TGT GTT-3), Thil BS mut_Afor (5-
AAA AAA AAA AAA AAA AAG TTT TTC TTA AAT
GCA TAG GTT TAA AGT OGA TTA AAA GTC GGIG-
1y, Thi1-BS G mut_Divev {5-A00 AAT TCA GAATTT
UL AAA ATU CAT GTA CGU GOA TUG ATG AGE
OUTG0G CTC ACT TAT-3),

Forall the experiments, cells were grown wt 28°C in YEP
medmm (1% yeast extroct, 2% peptone) with 3% glicose
(YEPDN, with X% raffinese (YEPR), or with 2% raffinose
and 2% galactose (Y EPRUG). For strains carrying plusmids,
cetls were grown in Synthetic-Complete (SC) medium (5.7
/] veast nitrogen base) containig Use appaoprinte suganid)
il 2% concentration amd nuinents lo miiniam the selec-
tigem, For TMPyP4 treatment. overnight cultures grown in
5C medivm supplemented with 2% plecose were fmeited
with 0-20-3-40 ph of TMPyP4 for 2 h and then plated
on YPED. The cell cycle phose was evaluated using fow
cylometric analyvsis wsing Flowlo vid software (41} Plas-
mids pMOY L4 ad pFLE2 A were obtained by mserting
the L b marker Zeng zmphﬂzl.! Fronm ML‘]ES [ll.psiml.d (1o
ing MATIF (5-0GTC GAC ACA TGO AGG COC AGA
ATACCC-3pumd NAT]_R (57 -GTC GAC CAG TAT AGC
GAC CADG CAT TCA C-3} oligos. imo the Safl dipested
pRE4M and pFLSG vector respectively, pFLAD was ob-
tained by cloning GAL pe-0ICD Sacl (Xhel fragient ob-
tned by digestion of pMLIGS (42} into pRS426. Plas-
i pl"l.llu.] was oblared 1.!3- p:rfnrmmg = standard
PCR profoenl for sste-directed mulagenests usimg plasoic
KPS us a lemplade (olipol? $-CCA AGC GGT AAA
ACT TAC ATG OGA TGG TGHG CGT CAC ATG GOGT
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CGT COA AAG-Y, nd'r.g,n}{ ST TG ACC ACC AT
GG AUG OCA OUA TUGUAT GTA AGT TTT ACC
GCT TGG-Y), Plasmid pFLITE. | was obtined by choning
Chr VI from coordinates 512240 1o 312755 amplihied with
ChrvTTlfor (3-CTA GTC TAG AAA TGC ATA GGT
TTA AAG TOG-1 3 and Che i rey (5-CTA GTC TAG
ACT ATT TAT OGT GGA AAA GCT C-37) oliges mto
Xl dlgrs!r:d FRSHSI. while rﬁl’:’LEflﬁ.l was obtiuned by
amplifymg the Gid mutated DNA versaon frem yerst strain
YFLMIT as the tlemplute usimg the sine strategy descnbed
for the pFLITS1.

pGELEI.] plasmid was obained by cloning P02
sequence amplified from  veast genomie DNA using
VRIZZBamHILF (70060 GGA TOC GAT GAG AGC
GAT GOA CAC ACA G937 and Vid22Xhol R (5 -AMD
OG0 TGO AGC TAT GROA AGA TAC TGA CTT GC-3)
oligas i BamMHIXhol digested pRSETh vecior,

Plismid pGELE4S currying mutation in FAR2Y RED
domain CETA-CHH-HIY-HTISY (32) was obtained by
performing a site directed mulngenesis (Quikl Change Ag-
tlentl] i two steps on pGELE3 | using for step | obi-
pos VBEDLCRTA CWIR.FW (8.ATG CTO GAG GOA
GTA AAA GOC AAG TAC CGC GGT GTG ATA
ATA AGA CGG=2") and VBED CSTA CHOR_REY 15
TG TOT TAT TAT CAC ADC GOG GTA OTT GGC
TTT TAC TGC CTC CAG CAT-3"), and for step 2 oli-
gos VBED HLIOY _HIIRY Fw (3-GAA GOC TCG CAA
ACT TAT TTO TG AGC ACG TAT AAG ATA GAL
COG A and VBED HI WY H1ISY Rew (5 TOG GOT
CTA TOT TAT ACG TGO TOC ACA AAT AMG TTT
GOG AGG CTT C-3'),

DO synibetie dosage kethality sercen

Thie genetic scrocn was performed using SGA wehnology
143). Breefly, the guery sthln carrying the mducible D02
overexpressing plasmiel {pFLEL4) was crossesl (s an o
dered array of all the visble yeast dedetion strains. Eniplodd
cells were trumsferred o asperilation-imduang medium, al-
ter which the germinuted spores were selected for the simul-
tansous presence of the gene deletion and the plasmid. Cells
were then transfisrred (o a galactose-contninimg medium Lo
inchice FHPCT overex pression, and coboiy size was analyzed
a5 ameasnre of fimess, 18 desenbad (435 The whole pro-
cedure wis performed i parallel with @ controd guery con-
taining the same vector devoid of the GALIpr- DR gene
{p™NOWV] 4} The screening was performed in triplicaie and
SGA swores and p-values were caleuluted ws indicated in
{43). For gach repheate, an miermediate cut-off (B < —0.08,
P (LS (1)) waes appdiced and o totl of 52 mutant sinsins
identified 10wt lenst two replicales were selected Bor further
analysis, The colony size and SGA soore data are presenied
in Suwpplementary Table 52

Spatlal analysis of fanctinal enrlchment

Metwork annoisbions were made with the I'_-.lllu.m T
plementution of spatial analysis of functional enrich-
ment (SAFE) ((44); hipstfgithubcombarshnikova-lohd
salfepyh. The yeast genctic interaction similarity network
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and its functional domain annotations wese obtained (rom
{45,

Serial diluthon growih fests

Lig-phase veast cullures were diluted 10 2 = 10" cells)/ml
A seoses of 10-fold dilutons were prepared and spotted on
YEFP plates or selective plules contmnmg the approgriate
sugnr. Plates were incubated at 28°C for 2-3 days, Whers
indscated, the plaies were irmadiated with 30 J/m® using &
UV Stratulinker 2400 (Stratagene) or 100mM HLU (USBeo-
logicel. et HP1H0) was added.

Yeast penomic sequencing

Yeast DNA was prepared using MasterPure™ Yeast DNA
Purification Ki 1Ep||.\:|11.n:, MY S0200 ind quantilied by
[lsosrmietric wssiny using e Quant-iTTM BeoCireen™ ds.
DA Bl (Invitrogen, Carlsbad, CA, USA), Libraries wers
prepared using the Nextern KT library preparabon work-
ftow (Tlhaminu, San Diego, TA, USA) (o obluin DMNA (rig-
megits ranging in size from 600 o 1400 bp approximutely
Sequencing was curried out on the [Humina MiSeq platfom
cenernting ahouwt & million 250 = 2 paired-end reads for
cach sample. Raw sequencang dati for the 11 vi22 mutanis
and one control 8 perevisiae BY 4741 strain have besp des
poszied i the Shorl Read Archive (SRA) under Bioprogect
PRINAGGG0S. Dhita con be pocessed throsgh the following
link: htpsaffwww. nebi nldmenih, gosfsrid PRI Addbild,

SDS-PAGE and wesiern blatiing

Prodein extracts were prepared in trichloroacetic acd
{TCA Y as described i d46) and separated by SD5-PAGE
Wesiern Blotting was performed with anti-Rad 32 {palt from
C. Suntocanaled or anti-HA {1 2CAS) us primary antibody,
and Gionn ant-Mowse HRP {ThermoFasher-Scientifle,
cal 31430 or Goot anti-Rabbie HRP  (ThormoFasher-
Scientific, cot. 31460) as secondary antibody using stuns
dard Lechniques. Anti-Rad53 sapmal was detected using Rlm
{Amersham Hyperfilm ECL), while anti-HA signal was ac-
quired using a ChemiDoc™ Toach Imaging System (Bio-
R,

Chromantin immumoprecipitation {ChEF) assays

Yeast strming used for direct ChIP measurements were ob-
wnimed by DiMye meging of PID22 Overnight cell cul-
Lures pre-grown in YEP medium conlaining the appropr-
ate suger were dilwien] inge fresh mediwm o o cell dun:il.y
of 4 = " gells/ml in 30 m and grown at 28°C anunl they
reached o densily of 1.5-2 « 107 cells/ml before heing col-
leeted for farther analysis: Cells were cross-linked with 1%
formabidebyde (Sigma) for 10 min st 25°C. Cross-linking
wis quenched by pddition of 125 mM glycine. Alter har-
vosting cells, the peilet was pesuspended in NP=40 ChiP |yv-
sis huller (1% NP0, 140 mdd MaCl, 5 mM HEPES (pH
755 | mM ELTA dpH 800, 4,17 sochinm deoxychalate, 1
mM phenylmethylsulfony] fluonde, cockiil proteases me
hibators (Roche)), Yewst whoke cell extracts were prepared
by FastPrep™ FPI20 Cell Disruper (Thermo) in MP-40

CHIP Bysis buler. Following lvsae clarification by centrifu.
gntiom at L 000 = 2 For 30 men al 470, pellets were resus-
pensled i NP40 ChIP lvas buller and samples wene soni-
cated (or 15 min, 2 s on, 60 3 ofl, at bigh power ui 4°C with
i Biorupior™ Plus senicator (Diagenode). Immunoprecip-
itation was carricd oul with anti-MYC (9E 101 mouse mon-
aclonal antibody following incbation with Dyrabeads M-
280 Sheep Anti-Muouwse TgGiLife Technobogies), Washing
atepsand reverse crosslinks were pedformed s reported i
(471, Inpusts and 1P5 were purified using Wizand™ 8V Gel
wnd PCR Cleun-Lip System (Promaogs, ASIREL DNA was
cluted in 80100 @l of miclepse-free witer. NWuckeic acids
were quantified with Qubit 4 Fluorometer using Qubit ds-
DNA HS Assay kit (Tovitrogen QB2834), and the quanuty
ohiatned was 0.5-1 ng/pl for Inputs and 41403 ng/pl for
TP Samiples were diresctly analyeed by gPCR, then stonsd
R |

ChlP-seq annlysis

Struins wsed for ChilPassg protocol were wild 1ype (no tag)
as negative control and Vid22-13Mye tag. ChIP was per-
formed s describod phove, stanting from 150 ml of cultures
with & cell density of 1.5-2 « 107 cells/ml DNA obtained
fronm Ewe eisdependent poaled Chl P expertment wiks quanti-
fied waing the Quibat dsDINA High Sensitivity Assay Kit (1n-
vitrogen, Q3251 ChiP-seq librisnes wene generidled starl-
ing from 5 ng DNA using an in house protocol (45), quality
checked on a Bwanalyvzer High-Sensitivity DMA Chip (Ag-
ilent) and sequenced on an HHuming Hi%eq 2600 ac 5 bp
read fengih, Resds were aligned wo the reforence assembly
of the Seccharomiyees corevivhde penoms wsing the bowtbe
(4% program with the fallowing pansmeters -m | hest -
strati’ to allow up to | mismatch jnd report only the best
seorng alignment, PCR dupheaies were removes] by mesns
of the rmdup wtility from the samiools package (301, Peaks
were cnlled by means of the MACS2 progrmm with defauk
paramecters A FDR threshold of H0E-10 was applicd (51

gPCH analysis

For gPCR- analysis of ChlP samples, input and immuno-
precipituted (1) DMA were analyeed using primer pairs
prodiscing i i) bp amp|lc,|1r| lor the HMNT2 locus (coors
dinptes Chr X1V 5757075757960 532) and a 177 bps am-
plicon for the Chr VII-G4 w1 SENT lecus (coondinates
Chr VT 512387 - 512564) Chr VIILF (7-ATG AGC AAA
ATG TGO TCA GC-Y) Chr VITLR {5-ACC CAA ACA
AAA GOA GOA AG-T ) und HHT2CDS A (F-TCA ATC
TTETGE TAT OG0 TG TT- 3 HHT2 . CDE B (3GOG
TOA ATA GOA GOC AGA TTA GT-3), Ohiges for g PCR
were purchased from Ennotins Genomics,

PCR reactions were performed in 25 pl tolal volumes
containing 125 wl 2= Cuantitutive Muoster Mix with
SYBR™ Green (GeneSpin proprictary formulstion ready-
to-ise containing Xtra Tag Pol. dNTPs, MgCl and sta-
halteers optimzed for use moreal time PCR amplification),
[n'im'.:n ﬂill oM Che VITL: 130 aM HET2) wind lr:rn.'|1||.|.|:
{2 el 1000 INPUT or undiluted IP). Al components were
mixed m Mewell hardsshell PCR plates with clear wells
(Hio-Bady, which were scaled with optically elear adhesive
Msumsc.ﬂ&' ‘B seals | Bio-Rad) wed centrifuged an 1000 g
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fiar 1 s The thermal conditions during resction wens 3 min
ot W5 Folbowed by 39 thermal cyebes at 6250 for 30 5 and
W57 for 105 All PCR reactions were assembled manually
ind gPCR experiments performed on w CFX Connect Reul-
Time PCR System | Bio-Rad), We accepted PCR efficien-
cies between 95-15%, All PCR reactions were performed
in technical wriplicates and all baological experiments were
perlormmed ot leass inriplicaves. AC (Cvele Thneshold) was
liest caleulbated, as the dilference between 1P and input 'y
watues (after correcting for put sample dilution), for both
the target gene and the ITFTY gene (chosen as an imfermal
standard ). The tanget gene ennchment in 1P DNA wis then
caleubited using PIffl method (53). Means of fold enrich-
ment and stundand ervors of the mean were caleutated fiar
biplogical replicates and unpaired Student’s 1-test was wsed
o determine statistical spmificance between samples.

Pulsed lield gel electropharesis

PFGE wis performed wsing Lhe Pulsaphor system with a
hexagonal electrode army | Amersham Pharmacia Biotech),
Agarose plugs with venst chromosomal DMAs were pre-
pitred ws previously described {341 For stundard chromo-
some separation, plugs weee loaded ma 1% agasose gel in
5= THE and sealed mothe gl using LMP sgarose 0085
in 5= THE. The muning conditions were 165 ¥ with 6ibs
pulses for the first 12 h and 90 & pubses for the lnst 12 bt
BT, To visunlize DNA, the gel was stained in a solution
with 2 pg/ml Ethidiom Bromide in .3 TBE lor 30 min;
WersaDoe or Chemidoc (Bio-Rad) were used 1o scquie im-
ages of the stained gels

Measarement of (elomere lengih ising Soatlern blotting

Yeast genomic DNAS were extrcted usime standird meth-
ouls slarting fmom phiteau-phase cullures. DINA - samples
were digested with Xhel or Sall restriction enzyvmes; the ob-
tuined fragments were separated by electrophoresis in 0.8
ugurose 1= TBE. Radiolabeled (DECAprime ™ 11 Kit In-
vitrogen| specific probes were wied o visualize telomeric
poldl GT) tadls {55) nnd sublelomeric fegaons (56), A slan-
dierd protocod wiss wed for hybeidiesation and detectbon (57,

Identitication of structural variams snd copy sumber alter=
whions, and G normalizstion

Raw reads wers subjected to guality trimming using the
slicing window operatien from the Trimmoematic progrm
(58) (average quality 20, window kength #). Assembly was
performed with the SPAdes program using the [ollowing
sl of kmners: 13, 55, 717 and 9% Dejection of larye indels
and structural varsnts was performed by aligning the fi-
mul wssermhlics (o the refercnee sacCerd genome, (down-
loaded from  http:fhgdosnload soeucse.edw/goldenPathd
sacCer Whigfipadh by mewns of the Mummer4 program (390
Large scale struetnral rearrungensents were sdentified di-
rectly from the alignment by using o cuslom Pesl senpl.
Wiy roads were ;lligm:l! 1o the réleence sacCerd nssem-
bly of the veast gerome using the bowtie? program, Cov-
crage profiles were compated on sliding genomic windows
of 200 bp, overlnpped by 100 b, by wsing becdiowls cover-
uge wol Verant calling was performed by the means of
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st virscan? software (60), with defuudt parometers. The
rim fumction from the B MASS package (61) wits applied
v purfmm ﬁ[‘tnm'rm:itnm normalreimn, Raling Fchiors
fior GO normalization aod estimsates of the senstivity of
our OV detection wssay befere and after the application
of GC content normalization are reported in Supplemen-
tary Tables 53 and 54 respectively. Copy Number Varints
were ientilbed by pasrwise comparisons of coverage proliles
of matchedd genomie windows between the wild-lype strain
and each vidl2A strain by means of the chi-squansd est
The Benpamini-Hochberg correction wis applied (o control
the false discovery rute. A cut-ofl FDR of 005 was used
Tor the identification of penomic windows showing signifi-
cantly uliered coverage Finally, overlapping windows were
merged using bediools merge, 1w derive lorper genomie in-
tervals Intervals of more thin 360 by insize, Gormed by at
least fliree or mare wingdows showing significanily aliered
coverage were considered as bona lide UNVs Mitochon-
drinl genome (mtDNA) copy numbers were estimated by
comparing the proportion of NGS reads mapped to the
muclear wnd mitochondrial genome. To avoid confoumting
factors for the duclesr genome, oaly smgle copy 8 pere-
vizfar as defined in hiipsfwww naterecomiarickessd | 586-
(BN S wies comsidlered. Coverige kevels were normaols
ized by applyving the RPEM normalization. Mitochondrial
copy mumber was inferred o5 the ratio between the pverage
RPEM of single copy nuckear penes and with the miDMA
RPEM.

Innersection of coordinates of penama: features were per-
forrmeed nsing the bediooks intessect wtility (89,

Carss chivamsmrmal rearrangenenis

Cirgss chromosomal rearrangement CRCR assays wens pers
formed as previously described (62). Different casseiies
were imtegrated into the PRBY locus near the CANT pene.
GCR rates were measired using the webtool hinpeiflacale
nsclufisodw (63 ) amd the MMS maximum likelibood sta-
Hstical method (G64). Brefly, 5 colonbes for exel strakn were
grown al 370 for 3 duys 1o obtidn saturaied cultures Cells
were plated on SC medium with 5-FOA and canavanine Lo
select GUR events amd 5C mediuem (o measune the Lot cell
number. The G4 forming sequences tested in the GOR assuy
ane: -GGG TOC TOC AAG OGG TAA AAC TTA CAT
GGG ATGGTG GGG TCA CAT GGG-Y (Figure 5B and
12000 amd -GGG TTT TGO TAT AAT AGG GAT GOC
ATA AGT GAG GGC AGG G- {Che VG4 Figure 6F)

Reflecthve phontom interface (HP1) sensor preparatbon and
LRI B TR

Reflective phantom imterfisce {RP1, 5 an optical label-{res
higsensor coubling the studyving a vaniety of infermctions, in-
cluding antigen-antibody (65), protein-glyean (66), DNA-
DINA (6T), RMNA-DNA (68) amd protein-DINA (69). RPT
analysts was employed for the charactenzation of the -
leraction between BOE {70) or Vid22 and dilfferent DMNA
shinnds tmmedmbirzed on the RPD sonmng surlace. The B4
antibodies were produced with the support of the Protep
Parification Facility of the Bioscienoes Diepartment s Uni-
versity of Milan starting from pSANGI0-3F-BG4 plismid
(700, Wild type Vid22 pnd & mutnnt in the BED domnin
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were purified from BL21DE3)pLysS Escherichio coll cells
Cells were grown in LID with 50 pg/ml Ampscillin at 30°C
unlil Oy, = 1.5, then prolems expression was induced
by mclding 0.2 mM PTG at 300 for 34 b, For protein
purification, cells were disrupted in Lysis butfer (300 mb
MWall, 50 mM soedium phosphate pH T with 30 mM im-
idazole by sonkcation {10 oycles 15 s ONSO 5 ice), Pro-
tein exiracts were clarified by centrifugation at 15 000 rpm
for 1 hoat ¢, Clarited extmcts were then lowided milo o
Mi=NTA Agarose [QIAGEN [(HE244), matrix was washed
wath lysis buler supplemented with 50 mM imidueole, then
proteins were eluted in lvsis baffer with 230 mM imida-
role. Proteins were dinlysed in 300 mb MaCl, 50 mM Trs-
HCIpH 7.5, 108 Glyeernl usang Therma Scientific ™ Slhde-
A-Lyzer ™ Dialysis Cassenes 1500 MWCO, The DMNA se-
quences used i this stady are reported in Supplementiary
Tuble 55, All oligonucleotides were purchiased from Intes
grated DMA Technologies (1377 with Uliramer svnihe-
sis. Adl bulers und reagents were purchased from Sigma-
Alddrich and prepared according 1o common protocels us-
ing Milli-0) pure water. DINA probe sirands were covilently
immohlized on the surface of RP] wasing chips in spots
haweng 130-200 wm diameter following the procedure de-
seribed i (715 Toallow the formmation of G structures uml
coupling with the complementary sequence, the oligom-
cleotiubes were previowsty denatured by heating for 5 man at
953 and renatured by stow cooling ot reem temperature in
10 mM Tris-HCLipH 8.0, M0 mM KCL | mM EDTA (pH
R0 Belore use, the BOH antibody was suspended in meas-
surtng buffer A (20 mbyl Tre-HCT (pH 7.5), 1 mM DTT,
(1 myy/ml BSA, 3 mb KO while Vad22 wais suspendoed
in mensuring buflee B 20 mM Tris HCL (pH 7,50, 1 mM
OTT, 0.1 mesmi BEA, 150 mM KCT), The RPI measune-
menis were performed by using the appinutus and the unal-
yuis alporithim described in (71 L The sensor cariridpes were
lilbed with 1.3 ml of measuring bulfes A or B, The cartrsdpes
wire kept ot 3590 diening the measurement by a thermalieed
haolder and ropid mazing of the sodution was provided by a
muynetsc stirring bur Sumpls spikes of turges BGY or ¥id22
were performed by ndding 3 ] measuring buffer contain-
ing different amounts of targes molkecules to a final comcen-
tration in the cartridge of .08, 0.4, 2, 10 and 3 nM (only
for Vid22) Tume sequences of RPL images of e spotled
surface were analyzed by a cestom Matlab progrom in oe-
der to nbiain the surfuce densty of the Lrgel molecules aii)
bindang tor Use surface immaxbiied protses (711, The binding
curves o0¢) obtuined by the RP] meusurements were ana-
Iyzed assuming o simple Langmuir model {721 The hinding
curves of at keast six spots with identical composition werg
averaged and then fited with an exponential growth Tume-
o Supplementary Table 86 reports the values for £, k,
and &,y obtuned from the fits of the corves m Figure 8B E
and Supplementary Figure 3610,

L'V spoctrophotometele analyss

Tis eollect information an the structure adopled by o DINA
serjuence, we mcisured andl mal_'.l.u'.d u serles of thermol
difference spectrn of the aligos studied 10 this work, A
therml dilference spectrum (TS, (730 can be computed
subdrcting the absorbance spectrum of a BNA oligons-
cleotide measured at low tempemture (helow melting) from

the spectiun of the same oligonuceotibs measansd an high
temperature (above melting). TDS recaptiulates how Lem-
perature aflects the spectral properties of the studied species
wod shows features that can be used 1o determine whether
un oligonucléotide has transitioned from a G-gquadruples
structure to w single strunded state opon  thermal
melting.

TDE i based on e widely studsed hyperchromae elfect
of mucheic aads: the unstacking of mtrogenous bases res
sulls inan increase of their UY absorbance ansd this vari-
aon m Ehe extingtion coefliceent & usinlly momiored o de-
termine the melting temperature of oligenucleotides.: This
phenemenon effectively links the structure of the oligonu-
cleotiddes to their abserbance and aside from monstoring the
variation of amplitade a1 260 nm, where the maxmum typ-
weitlly lies, other wavelengths can be monitonsd (o gather
valuable information on the stwte in which the mtrogenous
hases lie, While DNA duplexes show an inerease of ex-
tinction coefficent at every typically mensured wavelengih
when a melting experiment is performeed, this is not true
for G-guadruplex forming sequences: for the katter, as tem-
peraine increases above the G-quadruplex melting, the ab-
sorbance Tor wavelengths b < 200 nm mereases, while 1t die-
creuses or & = 290 nm 1 74). An sosbastic pomt i the TIXS
with value equal to zero at & = 290 nm (black armow in Fig-
ure B eorrespondds to am inversiom of lemperotue depen-
denee of the abserbanee and is a signature of G-guadruplex
prodiscing seguences.

All oligonucleotides used 1o messure TDS wore pur-
chased rom Eurgding Gemomacs witly no termmna) modili-
cation using EXTR Emers synihess The ophalzed pow.
der wus resuspenaded in Milli-) pure water and for aach
DM™A sequence p sample at 1 DDy g, was prepared with
108 bl KO und depassed under vacuum, A serics of com-
plete specird was aoguired wsing o Thermo Scientific Eve-
Tuthon 300 UV-Vis Spectrophotometer m the 23-320 am
range uwsing a | em path guaets coverte The melting expes-
mments were performed from 2000 w0 90 O controlling the
temperature with the instrument peltier module to obtun a
rate of 04T fmin.

The signals of the thermal difference spectra {A4) were
comprated subtracting the spectrum measured ot 20 C from
the spectrum megsured @l 9W0°C and normolieed for e
puemung absorbaee ai ow lemperntore [ Ay, o be di-
rectly compared and Lo highfight how a point mulateen can
heawily affect the behavior of Chr VIN-G4 soquence.

DNAGRMNA Immunoprecipitation (DEIP) esavs
INACKRMA hybrids were dmmunoprecipitited using the
59.6 antibody from nuclee acid gently extmeted and over-
might digested with 3007 of HindI11, EcoR1, BspiGl Xhal
amd Sspl, 2 mM spermidine and 2.5 ml BSA 10mg/ml ge-
nomic DNA; samples were then treated or not with R Nase
H, as described (75), Quantitative PCR was performed ai
the indsented loci. SKNT oligos (3-00G TTA ATT TCG
COA GOT TAT ACC TCA CCATTC CAT T3 | 57
COG TTA ATT AGC GOT GAT GTT GOA AGA TAG
TAA CGOT GAY), GOV oligos {5 TTG TOC O0G AAT
COA GTG A-37 and §5-TGG OGG CTT OAG TGT TTC
TA-X).
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Flustiieente (ALL)

1, Crenommeseale seneen (or synibeiie dirage finesa defeaos wah DT averenpression lenifies PI022 Eiles of DRCT overgspressan on 2l
fitmuses, (A Tl serial diduvion of wxpeestntially. growisg wilil-3ym clls g siply wetor or D umder the contl of the GA L prmmsier
were wpotied on nch medium plales contaming gither gy or galiciuse and mifioose a the cabon source. Celly weve expesed 1o LW 150 Tim?), or
muck-iruicik Imiges were mhen afier troe dayve of imubation w 237 C. (B Schemaia represenimion of the D2 symhetic dosge lethaliy screan. The
Eilutbom-i ndugibie T0CT gene (A LIp-ENICT), o (he aipiy wadtor, wins sdioadiscad it the st adelegion gollection 1Y KON by coreeng 1Be gallécion
wilh guery = rasms conlaiming the plesmnls. Haplod sioems: cominming meh gene debelion and the plasmil wore sobied onng S04 mehodology. Esch
sirmm wus pinscd 10 meds coptemmg auliciose 1o mduce MR oupression. Synihelic dossee Saness deleon were evident whes colonies weny uniillee in
AL pre ST chas b empty veztor, (03 The aveslap of ehe DT S0L penes Ton he theee sephoiie wereeis (0 plotied o 8 Yemm disgrem, The momber
ol peestram i eavh rophesie v indicited, pe ard the 10 pene idendified m all (hove sereena. (D Speiinl snalyas of Fonctiosal senciment. On the Iel, the
voust peoctic Eernctos similamy notwork is anmotated wiilk GO kickogicn] process: (orms o sdenisdy major Moncoomal domains (43 Thinees of ihe
17 sboormuins are luheled ond delimeatel by colored outisees Cn che sight, the metwork s annowsed with the 52 DT DL peves. The overtoy mdicses
e Nuncgiine] Sermams aniiiniales] om he kel Only iodes with satintically supgensal ¢ Semenln [SAFE noghboechoad + Pevalie = DS are
eoloenil. (Ep The S0 V22 S0IL migraction iy validaied by prowth annhss. Wikd-tvpo aed onl2 4 colls wore transformed winh the empay vecior or
with the (AL e D02 plasmid. Tentodd sonal dilutbons of axposentinlly growing reitures weee spamad on ghecow and galiciose plus mifmoess plabes o
reprca of inidice Thie T averenpresion. igipectively. binages weve Liken alter 1hise disa ol hicib il 20 (Fi S A daiiinge check pusd
piraiaon wins ovaleated by tionitonog phosphordaten of the chockpoint pregone Dhde? [Dhic2- XA pnd Bad53, Probein exbracis Tmii wald-tge or
vl wells exprossmg Ddede LA were anadyeed by wesiern bt with anti-FUA snd with ontéRod33 anidsodies. Arrows indicaic the phosphorylated
foems af D snd ed®3. 4G5 The cell eyele dis butios of expeseniially growing cabiures e delermined by fow oyismery of bgonibmie phase wid-
P (IL-T5 WP 1000 CI2-50 2500 i v A 40013400 522 4%, G2-98.2540) culisres Tepm thiese Independant mplicnies The poviions of cells with 10
and 1C DN A enntenis anc indicasal

RESULTS mor effect i unperiurbed cells, while it couses hyperactiva-
P il poroen b ity e sciing peiouie it of Uhe checkpoint respotise alter DNA damage, lead-

vinbifif ng 1o Fln:lllmp:d oell eyole arrest ond increased cell h:lhalil].'

¥ (1421 and Figure 1A We by pothestred thal yeast mulanis
& cevevivee Dued is o binding purtmer und sctivator of spontanecusly socumulaimg DA damage might be sen-
the DMA damage checkpoint (DDC) apieal kinase Mecl sitized to DOCT overexpression (77), and therefore would
(hurman ATRE(T6. DI everexpression has only a mi-  show synthetic dosage fitness defects (78) with DDC. We
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developel o screen to ety genes and pathways imalved
in genome Integrity muntensnce based on ther sensilive
ity b DI overexpression. Lsing Synihetic Genetic Ar-
ruy (BGA) technology (43,79, we imtroduced o multicopy
plasmid carrving PACE wmder the ¢ontrol of & galactose-
inducihle promoter, und a control empty vecior, into the
yeast knockour 1Y KO eollection (Figure 1H), We identified
mutants thet, on palactose-containing medism, exiibiled
reduced fhiness, often referred (o as synthetic dosage betlal-
ity | SDLY, when the [N Z-contaming plasmud was preseist
compared to controls with the empiy veslor. From three m-
dependent replicate screens, we identified 52 penes thot were
positive in ot beast two replicates (Figure [C and Table 1)
Consistent with oor initial hypothesis, several of these 52
cencs were previously identilfied oot benst one sysiematse
sereen for increased spontuneous DDNA damage (15,80-52)

Twelve yenes were previowsly reporied 1o exhbit syn-
ihetic dosage growth delects when combined with D07
overexpression (Soacolvonnors Genome Datobase, hitps:
ftwww vensigenome.org, neoessed 12 July 20200, These m-
clude HOWE. RPDY and SLT2 (B384} and DUNT (85),
which were identified in screens where the given deletion
mutail wis the query, An SOL screen in o pooled formal
with A S Lpr-D0C2 @ the query dentified AS5F1, CSAE,
CTFES, MMSI, RAD2T. RTTHN, RTTIN and TOF] (86}
OF these 12 genes, RADIT and CTF were identificd in our
sepeens. Thus, we identified 50 putative synthetic desage -
ternctions that had not been reporied previously.

To assess the functional properties of the 52 gene DAC?
SDL see, we apphied spatal analysis of functional ennch-
ment (SAFE) (840 1o determine i wmy regioms ol e Tuncs
tional genetic mteraction similanty venst cell map (45)
are over-represented for the BDL gene set (Figure 1D
Wi found g statistically supporied over-representation of
the OC2 SDL genes in the DNA replication and repair
neighborhood of the gesetic nveruction cell map, inds-
catmng that defects i DNA replication and repair eensa.
e cells o DHRCY anerenpression, Overrepreaniabion of
the MMM KDL genes in the chromotin and trnscripton
neighborhoods of the genetic interaciion cell map was also
evident, conssstent with a robe for DDED in sensing chro-
matin dysfunction.

P2 suppresses spanianeoos DNA domoge

OF the 32 penes ibentified in our sreens, we focussd our
attention on FID22, Although this gene shows conflic-
ing functionnl annotstions, including vecuobe import and
depradation (87), it wus previously identified aleo in other
peaetac sorecns searching lor playess ivolved i penomie in-
teprity masnienanee (B7-§9), FrDJ2 encodes a nucler pro-
e (31, M compuatationally predicted (o contiun & RED-
ype e Anger domiin wnd o B MuseH-hke domam (12,33)
and it was sugpested 1o play a ok in DNA DSB repair
{34,35),

Previous observations in sirains expericncing sponia-
neous DNA damape (20,91 92)—as well as the rationale be-
leind ciir detielic screen— el s s suspecy thak. im i viel®?
mutint, the DRC might be chromcally activided even
the absence of externa] genotoxie insulis albeil o a low
lewel. Alfter confirming the synihetic dosage bethulity dwe

e DED overexpresaion in o vid2 24 strin (Figure 1E), we
verfied our hypothesis that both Dde? and Rads3, mark-
cre o DDA activation (93,94}, are partially phosphoryliued
in unperiurbed w224 cells (Figure 1F), simitarly o other
mutants known to spontaneoushy pccumulate genomie in-
stobility such as #IcFA and slvd A that also emerged in our
SDL sereen (Supplementary Fupure S1AL (77) and Tabls
11, Thus Toas of TE0NY cawses spontimeos activietion of
the DNA damuge checkpornl response, whech s compati-
bie with an mcreased formation of spontaneons DNA le.
wions. Conssienily with a previous screen (953, unabysis of
the cell cycle disirsbution of w24 mutonts shows a signif-
seund accumulation in the Gl subpopulution (Figure 1G).
This abservation excludes the possibility that Dde? and
Rad$3 phosphorviation s due 1o a G2/M pocumulation
(Th), supportog instead the notion that the checkpoing re-
sponss might be chronically aberted as o consequence of the
clevaled dpontaneaus fermation of endogenous IDNA dam-
wpe, We further imvestigated whether the scoumulation of
cells in G observed i Figure [G may be due to this chronie
activation of the DD, deluying entry into S-phase. How-
ever, ahlation of the checkpodnt kinase Mecl does not rescue
this defect, suggesimg that the cell gyele delay observed m
i 2 A mwtants miy be, nt benst purtzaily, of different origin
(Supplementary Figure 51H).

Lass of FIR22 leads to chimmosomal alterathons

Chionic exposure 1o e mous ONA damage frequently
leads to genomic matability, To assesd whother loss of
P22 causes the necumulotion of chromosomal abermi-
tions we analvzed the chromosomes of |1 mdependent un-
perturbed w224 clones by PFGE and compared them
1o wild-type sirdins (Figure 2 and Supplementary Figure
52A). Eight of the eleven w22 A clones exhibited st least
o detecnible ehromosomal aberrution (Fipure 2), which
did nent oecur in the 10 wald-type controd chses (Supple-
mentury Figure 82A) In vd?24 muotunts we identified o
ther entire chromosomal duplications {eg. Chr XI ond |
in strain 1) or increased chromosome length (eg Chr X1
in saruin 2 or Chr ¥ oor VI in srain 4) (Figure 2), To ex-
clude thar the observed abnormalities might be due 1o dif-
ferent numbers of cell generations, we repanted the analy-
sis sterang from the sporulation of o heteroeygous diplowd
FIO22vial22A, Ae shown o Supplementary. Figure 528,
alter the sume mumbes of cell divissons, 4 of 7 w22 A mu-
tants show at least | major chromosomal abnormality, ned
ohserved in any of the 12 wild-type clones tested

To investigate whetler particular chromosomal of se-
Gienes contenls are ssocnied with the abserved genome
instability. we sequenced the genomes of the 11 wa?2a
strains shown in Figure 2 While de v assemblies of
the mutanl strains” penomes did nol indscote the presenoe
of Inrge structural genomic olieraiions (msertions, imver-
stoe, or translocations). prediction of Copy Mumber Yan-
ants (CMWa) based on the depih of coverage analyses wene
conaisienl with comphete duplications for chromsomes |
(trarn 1), D00 (% and 110, X000 and Thand XTI (8 and 9).
I aglelitvon, we observed 468 smaller CN Vs not detected by
PFGE, associated with 226 distinet genomic loct (Supplhe-
mentary Tuble 87, Importunily, pafterns wnd the todal num-
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Figer ¥, w14 dplls s i and o o TIRY, w I T wild:type ot choves
edepenidem W2 A mutanis :rul. rmmm{mlmwdhmﬂﬂddphbmmhnmh Thr gomti ﬂflhl 14 ary il

om the lefl. * indicates chrmimome sive chanpss: d indicales chomesome dnplicatinns.

ber of observed sinple nucleotide substitutions und small
indele (bess than 5 hase pair in siee) to the reference as-
sembly of the 8 corevizioe penome, were highly consistent
between wild type BY 4741 and w22 mutant stradns Sy,
plementury Tuble 58], with only o mangnad increase o
served o steain 3. Owerall this observation might suggest
theat w22 mantants are not systematically associmied with an
increased mutational burden and/or sydtematic defects in
DMA repair mechnnisms. Intriguinghy. the TNV detected
Mo genome sequencing of vil?2A strains show both sia-
tistically supported overlap and an association with Gd el-
ements predicted by Chipri and colleagoes (17) (Fieune 34
and B, hypergeometne & < 7.28E- 48), sugpesting that dis-
rapdion of FIOZD is inked to mereased genomig insiabiliny
at G4-DMA rich genomic regions. In addition, overfap be-
tween the ebserved CWNVs and G4s is still significant when
interrogating different databases of predicled G4 regions
{Supplementary Tables 59, 510 and Figure 53 {17.96,97)1
Consistent with this model, we observed that FID2D dele-
Hon incluces great instahifity of the mitochondrial genonve,
which is particalarly rich i potentinl G-quadruples form:
ing regioms 4 17) (Figure 35,

V1212 maintaing telomere length

Telomeres iwre wmong ihe regions thig shew the highest den-
sity of sequences potentially forming G4-DNA strectares
{17.98), Budding veast telomerss fermimgte with repetitive
TGy ends and contuin an adjacent X core conserved ne-
o an wdditional Y7 subtelomeric region is alse presemt
at severnd wlomeres, us achemutzed n Figure 4 (99.100),
Telomeric sequences are highly repetitive, hompering tseir
analysss by shorl sequencing reids, We directly momitored
the telomeres of the 11 @24 mutanis gsing a Southern
ok approwch. Dipestion of genomic DNA with Xhol gen-

erates a population of TGy o repeats of XY tvpe telomeres
with a size of 1-1.5 kb (Figure 4A). In the X-only 1elom-
ered, Mhol cutsin viriable positions, peserating a wide spec-
trum of digesnon fragments with sizes botween 3 and 12
kb ((56) and Figure 4A) Usng o TG, 5 speaific probe, we
fowind. thay the deletin of PE22 genendly chuses an in-
crense 10 the sverape lengsh of telomenc ends (Figurs 44].
This phenomenan is clearly detected in the XY -type 1elom-
enes (hottom of panel 4A4). and is also evident in the X-only
Tmagments (lop of the panel 44 To detect X-only iclom-
eres specifically, we wed the strategy described in (36} and
s hematised in Figare 4B, which allowed s 1o viswalize 1,
10l Xl amad XV telomeres, As shown i Figurg 48 m the
whsence of FIDZ2, we were able 1o distinguish ielomere al-
;?ul.iom thnt are particulardy evident of telomeres T and
Tn.

VIR suppresses Gd-dependent gename instability

T explore the hypothese that w2 mutanis wre sus-
ceptible 10 genome instability in the prosence of GHDINA
structures, we exploited an asaay for gross chromosamal
rearrangements (GO (21,100, Brefly, we used o mod-
ilied chromosome ¥ that harbours the CANT and [RAT
markers 1 the lell arm {Figure 5AY, This conliguration al-
lows simultaneous selection on conmanine and 5<FOMA 10
wdentily chromosome arm boss and large interstitinl defie-
tions To analyse Gé-indoced GCURs we inserted a cas-
seile predicted o form G4-DINA (21) wl the PRET Jocus
ol the modifbed chromoseme and menitoned the GOR fre-
quency. When a Gi-lorming moul s emploved. deletion
o FTR2Y leads o o 150k merewse in GORs relative 1o
the corresponding wild-ivpe stmin (Figure 5B). By con-
trast, deletion of FID22 has little effect when the PRE!
lovus s unchanged (Figure 3B, To test whether this elfect
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was dndeed caused by the G strocture, we mutagenized the In yeast cells, o Vid22 paralog, Envil, {5 present (2%,
Cid monl by substtuting two GGCE with GOGs (Figure Since froguently patadogs exhibil partially oveslepping
A7), muintximang the some GO content but reducmy the  (usctions, we tested whether Envil, which also inferacts
secpuenwe propensity i form G4 structures, When the G4 wath Vid 22, is similarly imphcated in preserving generne sta-
mutated motif was introdueed at the PRET bogus, we did hility at G4-prone regions. In the envil L4 mutant, the G4 de-
not observe o statistcally suppoerted difference in GCRsbe-  pendent GCR rate is indistinguishable from thot of o wild
tween the w224 wnd wild-type sirnin {Figure 3B), indi- Lype (Supplementary Figurd 5440 Moreover, EVPT dele-
caning thut the chromosomal instability observed o the ib- tion does not affect the sensitivity of the w224 mutant to
seruog of FAD22 stradn is strongly eelated to the prosence of replication stress agents as Hvdroxyurea or MMS (Supple-
Cid structares mentary Fiaure S48 and (34)), suggestme that ¥id22 plays a
We then tested the sensitpvaty of the wi?2 A mulanl (0 spedlc role bn muintainiog genome slbiliy, independent by
THPyP4, o widely used Ced-tanding molecule that causes al ENFT
stabilization of these nucleic acid structures 436,102 As
shown in Figure 30, deletion of VT02) significantly en- -
hances cell sensitvaty 1o the Ga-ligand, strongly corrobo- ¥id22 birnds to and conirols the stability of G4 rogisns
riting the hy pothesiced role of Yil22 i controllisg Gd sta- To determine the in v sites thas wen: hound by Vid2Z, we
hility, performed a Vid22 ChiP-seq analysis. A total of 413 ChlP-
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bi i wath GCR “Te fokd enrichmesa is the rabo of ihe GCR rane bevvezen w224 and wild 1ype comtsmng Lhe sume cassevie. Euack duia
ik 16 Crbn o independent Mustuation k26, witho = 3 foe cach sorab, The Boiiaostsd bars indicate e mean CGR pate G cseh strain (8 = 1 salbepeidest
mxperimenis ), An unpuired Sissfeni’s dlewl wus waed o compame the meuns of mosurements gl the pevalue wonadicaind. oCh Pariial ssquemoes of the fun
enssetbes inseried ot PRI loous. The uderbmed G ure essmmeul for GL.DNA formunon: bokd Gy in Gel-wmmssed seguence were subsimmed with C to
abodiah Gid larmunion. (0¥ Survival coree alter TMPyPS oreanmenl. Wikd-type anid wil228 oreims wene wened for 2 hourswith TPy P a0 the sudicaned
emen)ratinn sod plated on YEPT The pegentage ol svival was reponial IV = ¥ esdepemled superiments), An spairad Snlmis -1o8 s ol i
compsine 1he means of measurmments and the p-roloe v mdicaved,

seef peiks were recovered, and in agreement with datu pub-
fished in Sayles of af {33) they are preferentinlly associated
with geme promaterd {(Fisher Exact test Poalue [ AYE-07)
andd significantly enrsched (= 2 Told) in the proximiny (0 and
200 b of prediecied G4 elemenis (Fisher exact 1est P-value
L.DIE 08 (Supplementary Table 511 and Supplemmiary
Freure 55§, Impnq'lurlll!.'. the levels of ennchment in G el
ments were consistent aerass dillerent bypes of annaations
(TS5, promaters, exons) (Supplementary Figure 85A), sug-
pesting that the preferential co-localizption of Vid22 with
€34 is not wssockated with specific genoniic [eutures,
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Annlyzing genomic ssquencing dots deseribed above, we
could sdentily the rearrangement howspots in a2 A cells.
W found that the SANT locus, located on Chr V1T, is al-
tered in 4 of 11 strains sequenced (Supplementary Table 57
nned scheme Figure 6A). Consstently with our data, the re-
mion locubed upstream of SKNT {8 predicted 1o form G4
structunes ((17) and Supplementary Figure S840 and was
enriched im our ChiP-seq analvas {Supplementory Table
S10) wond i Sayles er ol (35

To confirm experimentally the abality of the SANT
upstrcam sequence 190 form G4 structures o viir, we
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Flgwe ., Vid22 hinds o amd coninls the stabilite of Che Y1H-GA reginn. i A Grepical seprosendation of genownic Eaturds assoctoind wiih ihd Chr VI
FEETAONIA X0 grwceet licus. A Crd lement predicied by (173 s msdicated. Copy Munsber Varistions (O NYsh deieiad ol this regics m ol A strams
e 1his sy e dindicmiead vl Blue bues The regios analyeed by gPCR B ChEP s indicnad with s solid Back line, (8 by eiive aldlity of the grodeied
Chi WG soquomss 1 lerm O b, Anats of the intraction of the [ snlibody wiih AiTerent D% A segmmeee using the Befliciie Fhainios
Ingertiace LK P iechmgoe: contni Gd-formung ssqoence (Ydelod and the mutatsd form ¥ieho o 123, worciied ssEM A or ds DN seyumees, Clar¥ 11
i amd Chae'V 1106 mul, Inerease ol the surfiace densivy {o ) wis mesured cver fime upon antihody hinding loe the rissg concemracion of BES m solulos
(= 20, mndl o= 10 M) Thae vertical e peirk ihe fime whene BOS conaenirstion win mwereased step-wiss [pom O 6§ n®. (C) Thereal dilfoenia:
wpexiirn (TS ol seguenves wsed i ihe BRI experment. Eoch specirum is cosnpaoied sabdraciing tbe absorhamce spectrum wi X640 trom the atsorbance
apecium al 9 C anad en normalized for e manimum amgdsude ol low emperacune b alow s dired companson smong the difleren sogeenos. &
macal crabalic poind assoimilod wilk C-quadre plex forming spocies of 7Hnm e present thlack armnvg Both in Yide and ChaVIHTOM, whilis Being absent
w wvery crlher spenies sigdid Y wa v sinchid w0 G the bigh TDS ampliudy of ChrVTIT-CM mul, ssDNA and dsDRA (00 ChiP-gPOR of Yal 2D pi iby
G4 predicied region {07 o toe Chr VIILSENT locus Chll* was peciocmed inowakd iype o Tagl, Yedt2-0ibdye 104 and ¥iudl2- L3Myc harbosnng two
in L it & the H pradiaal region (GH-mutand), Fold eamdmem of ¥id22 an Chre VII wis cabeulated nelative o the inlemal standas] FIRTS
Crata e pepresimbed oy men £ SEM of N = ) imdepandest oprrmmts. (B Aualysis of mbrsotiom of ¥il22 mith DNA forming G4 sirutums using
the Relectse Phastom Inierfece { R0 ds reported m paned I8 Vil 22 conoenbraiios was incresgsed stegewise Grom Uio 50 nh. {F) The plot regoesents ihe
Tk enrschmens o gined with G R esins inwhich PR ocu wis ssbiised wich Ol VI regos | Fegure 540 The oabd ennichment is the rlo of the
CRCR swie beyweren vl 24 al wildd-1y pee sienin sontaimng 1he same cisseise Encls Qo penind s from en maleperubesd Mustuation el with n = 5 Sar g
rain. The horcircona] bars indice (e oo CfCR e foe ench stram (Y = 5 mdepeodeni experimenisi AT} FoAn mmpaired Sudeny's r-lesl was gsed 16
compre the means of measuremens sod e pevales s ndicated.
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unalyeed the conformstion of synthete DMNA seguences by
LY spectroplaetometic analyss and monitored binding of
the Cidsspeaific BG4 antibody by Reflective Phaniom fn-
terface (RPT) We compared o wild-tvpe SEN7 sequence
[Chr V=G4 wih o aomutent SENT{ChrVILE-G4 not ) thi
was aktered in is predicted eapacity to form a G4 structure,
As controls, we included o yeast ielomenic sequence (Yielo
wih, known to form Gds, o mutated Yielo, o aDNA se-
guience ivnd o dsDNA sequenve. The resules sliown i Figure
AL and Supplementary Table 85, demonstrle that Yielo
wi and ChrTIT-C wi do imadeed form G4 structures, as re-
wealed by the absorbince spectrum and by the binding of
the BG4 antibody, as detected by RPI analysis Both fea-
tures were lost in the mutated sequences.

Wi next directly tested én wie binding of Vid22 a1 the
SENT genma site by ChIP anulysis and found that Chr
WI=C e 512387 2512365 is ennched in Vid22 chromatin
immamoprecrpitates (Figure 600, Vid22 binding to Chr
WITE-Ced fn vovar 15 dependent on the sbility of the target se-
guence to form G4 strugturss, Indeed. when we converted
the chremosomal G4-farming sequence (o 8 mulnted ver-
sion that boses the ability to form Gids (Supplernentary Fig-
ure 864 and Figure 6B-C), binding of Va2, o measored
by ChIF, was nlso bost (Figure 603),

It &5 important to note that two consensus sites for Thil
binding (TAGGG) (M) are present in proximity of the
SKNT G4-forming sequence (Supplementary Figore 564,
Thus, we canmol exclude that the observed Vid22 chromatin
carlchaent might depend on the binding o Thil 1o these
stes However, mutation of both Thi consendus siies m TA
mgcleetides (103 ) oned Supplementary Fiamne $6A4 ) does not
significantly alter the abiity of Vid22 1o bind this region,
which i still totally dependent on the G4 structure (Sop-
plementary Figure 5468

By ChiP. we excluded that the observed Yid22 binding is
mediited by the Spsl protetn [Sapplementary Figure 560,
s was previously ohserved For other locs (35),

Tor verily thal Vid22 can direetly bmd G4 structures i
wirr we unalvaed by RPLthe bindmy of recombimant Vad22
purified from E colfi 1o the synthetic sequences described
nbove. As shown in Figure 6E, ¥id22 shows & strong affin-
ity to Yielo and SANT G4-forming seguchces; the binding
depends on the sequences’ whalily 1o fold inio G4, s it s lost
when Yrelo or SKNT are mutated. Swrprisingly, Vid22 di-
rec] biding 1o Cids as not medinted by the prodein’s BED do-
i s Lhe internction is ned aliered by mutation of the con-
servied CCTHH signature (325 (Sopplementary Figure S613,

T venify that Vid22 binding 1o this G4-forming sequence
i3 important to peotect Che VI from GORs we introduced
the wikd-type or mutated SENT G4 region into the PRES
locus i the GCR reporter st and meisuned GCR rtes
im wild-type wod w224 stenans, Deleton of FID22 msduces
neurky five Wmes maore resrmngements inproxmity o the
SENT G4 repon compared o a FTD2Y wilid-type stram and
this instability is dependent npon G4 formation, smilarly to
what was observed for Vid22 hinding (Figure 6F). Overall,
these data indicate that Vid22 binds regions that are likely
Lo form physiologsen] Gd-DNA siructures and counteracts
Cid-imdiced genome tistabibity,
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DISCUSSION

Crenomic mnstahility 55 0 hallmark of concer (%,11.104) and
it has been propased (o act os a key driving force in tumon-
gemesis (12,104, 1E5). Given the evolutionary conservation
of ihe puthways thal preserve DMA integniy, veast rescarch
luns provided voluable insiphis into the regulation of genome
stability in homans Mubiphe screens 0 8. cerevtvire have
identified crucial players in genome stability mnntenance
(H0LE2 1 1141 Monetheless: the results of thess screens
are only partinlly overlapping, hkely due 1o the different
approaches wsed. and each study provides o distinel per-
speciive of the genome integrity network. To identily new
penes implicated in protecting celbs from endogenous DNA
damage, we used o modified version of the SGA technol-
opy {19), wnd sereened the & cerevisiae deletion collection
lor mutants thit exhibited chrons accumulanen of spon-
tameows DFNA domage. The stategy wis based on the ob-
servation that overexpression of the call cvele protein Dide2
in cells experiencing DNA dumoge couses hyperactivation
ol the DA damage check point and impaired growah (142)
and Figure LAY We exploited the sensitrvity to Dde2 over-
expression i o rendowl for the spontaneous socumulation
of INA lesies thal activate the DNA dumage checkpoint,
s brondeming the ronge of genomic instability marks de-
lected in a single screen,

In our screens, we kientified two penes with reported syn-
thetic dosage growth defects when combined with Dine?
oyereapression and 50 sdditionel penes nod previeusly
kmowe to have SDL inteructions with 002, The 52 penes
ientilied in owr sereens included |8 Henes ke Lo dise
socinfe with genome imstability phenotypes, and were en-
rched lor genetic interactions i the DNA replication and
DNA repair neighbourhood of the penetic interaction cefl
mip (43, indicating that pends displaying an SDL interac-
ton with 02 are likely 1o be involved in genome main-
lemince

Among the identitied penes slentified, we charnclereed
FIR22 {YERITHO)L Originally reported to have a veslle
traflicking function (87,115}, i was lter found i two made-
pendent screens for genome mstabality cuusing DNA mu-
tations {33.89) wnd was imphcated in DRA repair (34 330
Drrect observation of DINA damage response markers in
o 22 A strin indicates that 11022 plays a relevant role
in protectng penomee DMA from spontaneous damage: n
particular, constitutive Dde? and Rad33 phosphorylation
(Figure 1F] in the absence of Yad22 are indicntive of chronic
pecumulation of DINA lesions (77,1163, The imvolvement of
FIO22 in peeserving genome stubility is wlse supporied by
a recett genomic stisdy (1173 The continons exposure to
spontancons IMNA damage prodaably underles the remark-
ahly high Trequency of gross chromesoma] rearsngements
observed n w22 A strains (Frgure 2 and 5283, Moreover,
analysis of genomic squensing data revenled that these
chromasomn] aberrations are enriched i regions display-
ing i high propensity to form G4 structuees, such as lelom-
eres anad mitochondrial DA (Frpares 3 aod 4 wsd Supgpde-
mentary Table 571, This evidence 16 in agreement with dota
melictng that Wed22 bands m the proxaimity of predscied
G structures (Fiygure 38, Supplementary Frgore 54, Tuble
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11 and (35}, Overall, these obuiervations suggest a now role
for Vid22 in preventing Cids from generating chromssarmal
abermatiome

This hypothesis s corroborated by the fact thut chro-
mosomal reartangements af G4-prone séqoences ocour
15 timgs more frequently in the shsence of FIO2D than
in a wild-type background. Conversely, the GCR rate m
viel?2 is comparnbbe 1o the wild type when the Ga mo-
s wre absent or mutated {Figures 5B and 6F), Further-
more, loss al Vid22 sensitizes celbs 10 the Cid-stabilizmg higs
and TMPyP4 (Figure 5101, From the sequencimg of vla?3A
strains penomes, we identilied the SENT locus oo chromao-
some VI us 0 mutstional hotspots Indeed the SENT se-
quenee is altered in 4 of 11 independent w24 clones. Tl
SENT bocus coniais o Ga-lorming sequence that is respon-
wihle for the mstability in w224 cells Tndeed, removal of
the G4 structure by point mutations suppresses the mstas
hility of the locus [ndeed. when the Gd-forming sequesnice
from SKNT is nserted in the PR& site of the GUR reporter
steain, GURs increase nearly Hve-fold it P22 s lost, while
if Uee G sequence s mutsted, the GOR rate remains simi-
lir wor the wild tvpe (Figure 6F). This Ga-forming sequence
al EKNT prometer 1 abso enmched by Vid22 ChlP and this
hinding is dependent on its ability te form G4, while it is
independent on the presence of Thil-binding sites

Interestingly, our Vid22 ChlP-seq analvsis, revealed the
enrichment of several additionnl regions that hive oo ap-
parent relutbonship to Gds (Supplementary Figune 85} sug-
pesting that Vid23 could bind at different gemomic regions
warmg different sirategses amd possibly different partners

In i uhsence of FID22, mnresolved Ga=DNA sirse-
tres could induce recombination intermedantes, which are
genernlly processed by specific encymes such as Musi]
or Sgsl/Topd. Consistenthy, 0l A cells exhibit on in-
creased recombination rate and are svnthetic lethal/sick
with el A, seead A o sped A mutaots (335 45 118). Par-
tal or defective resolumon of recomhbination sntermedintes
oiould explivin the Fn',ql.lcrl[ chromosomnl abernibons b
served in w2 sirmins. Momeover, iF these struciures in-
volve large chromosomal regions their persistence coald re-
sull in incorrect chromosome sepregation heading to ancu-
plosdy, which was observed in 6ol 11 w22 A straing eested
{Figure 2). Curiously, we observed seven cases ol whole
cliromesome dupbemion, mostly of chesmosomes 11, X1
and X1, Cmne possible explanation s that the uabibize.
tion of mtermodecular-Cids between sister chromutbdsan the
absence of 11022 could alter chromesome segregation al-
lowing aneuploidy, These chromosomes could have more of
these structures, resulting in more susceptible aherations:

O noe, it has beéen shown that stubtlcation of G4 srwe-
teres wion ineresse Lhe levels of DINACRMA hybrids prox-
imal to the Gd reglon, devating genome instabiliy {119)
It is possible that, in val224 cells, meressed lovels ol R-
loops could strmulite genomic rearmangements. However,
the deletion of FADID does not alter the level of DNATRNA
hybrids either at the Gd-prone region st the SENT bocus nor
al the GONY locus, which wias reported o be enrched in
DMNARNA hybrads i severa] siniing thal secumulabe sta-
hile Be=loops {1200 (Supplementary Fagure 57) We mfer from
these ddata that the mechanim through which ¥id22 pros

tects Crleconlaining geaomic regions froan instabiliey s not
by restricting DMNACRNA hybsrid accwmuilatbon,

Here, we suggest thal Wal22 is able 1o bind Ge forming
sequences both fa witre and o v (Figure 60-E]. New-
ertheless. sdditional investigintions are required 1o under-
stund whether i contains an enzymatic activily 1o resolve
Gd DNAR or il it acts as & placform for specinlized he-
licases. The existence of o genelic interactions with S8
(3%), which encodes a belicase cupable of unwinding Gd
structures, suggests that Vid22 might also contrbute to Gd
resclution m o distinal pathwiy.,

The mole we uncovered for FIDJZ in preventing G-
dependent genome instability could huve o grest impact
on our understunding of cuscer biology. Indeed. there is
a close correlamion between G and cancer cells. Unre-
siolved G structures can induce mose DNA breaks and al-
ter DNA rephication, transcription and telomersic structures
(121.122) sverely increasing genoms msiahility, Moreover,
it known thal cancer cells nt more stable G-
structures than normal cells {26). While & mammalinn
P22 orthologue lhas not been kontified, a1 least exght hu-
man proteins contam a smilir domain organization, that
could be pvolutknanly reluied and posses a homologous
role

DATA AVAILABILITY

Raw sequencing datas for the 11 pit22 muotants and one
control 5 cerevistae BY4741 sirains has been deposited
in the Short Read Archive (SRA) under Bioproject PR-
IHAGAGE04. Dhda can be accessed through the following
link: hopsdfwwsonchenlmnih, govisr/PRIMNA GGG,

The Vid22 ChiP-seq dataset analyzed during the cunent
study has been deposited ag the Grone Expression Omnibus
(GECY) under the docession number GSETTS68E, Data cin
be wocessed through the following limk hitpstwww.nchi.
nlm.nih govipendgquery/occ.cgitocc=0GRE] TA6HE,

Al the data, including different annotations of G4 che-
ments, Vid22 and Thil peaks, und predictions of penomic
reartangements can be visualized and gquered along with
the complete amnotution of the sacCer? axembly of the 5
verrringe genome at hitps:genome veac eduls/pantaleoM/
socCerd MU_NAR.

To facilitate the mrvigation through this lange amount of
data, we also reporl & serics of penomic eoordinates Toci
which provide sensible cxumpbes of the main Endings of this
winrk:

chrVITL:S1 ) B23.515 376

chrll-4877- 11 125

chrlk:756 T17-762 925

chrT¥;1 323 4021 525 A0l

chrVIIE:H T 295562 §43

chrXTE49X7-3975

chrXd 1450 697468 227

chrXIVindsn G048

chrX 1V TH2 S0 TR 2014

SUPPLEMENTARY DATA
Supplementory Datn ore availoble al MAR Onbine
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SUPPLEMENTARY DATA
Supplementary Table S1. List of the yeast strains and plasmids used in the present work.

Supplementary Table 52. Colony size and SGA scores from the DDC2 overexpression
SCresns.

Supplementary Table 53. GC composition normalization. This table repors the scaling
factors applied for the normalization of depth of coverage values based on GC compasition, Bins
of %GC compasition are indicated in the first column. Corresponding normalization lactors are
reported in @ separate column for every strain

Supplementary Table 54. Estimates of levels of sensitivity of CNV detection. For strains
showing a complete chromososmal duplication, levels of sensitivity of our in silice CNY detection
aszay were estimated as the ratio between the total number of overlapped genomic windows
associaled to duplicated chromosomes and the total number of windows showing a
significantly aliered coverage according o our slatistical test, Strains are indicated in the first
column. Estimates of sensitivity before and afier the application of the GC normalization

correclion are reported on the second column and third column respectively.
Supplementary Table S5. DNA sequences used in Figure 6B-C-E and in Figure S6D.

Supplementary Table 56. Kinetic and equilibrium coefficiants for BG4 and Vid22 binding
to varlous probe strands. kon, koff, and Kd: values extracted from data in Figure 6B-E and
S60

Supplementary Table 57, Genomic coordinates of copy number variants (CNVs) detected
in the 11 wid22A yeast strains. The lable contains the complete list of predicled copy number
altarations in the 11 wd224 strains analyzed in e present study. Ganomic coordinales in the
form of chromosome name, start coordinate and end coordinate, are reported in columns 1 to 3.
Colemn 4 indicates the number of predicted CNVs associated with each genomic interval,
Column 5 reports a comma separated list of predicted CNVs. Each CNV is indicated according
1o the following formal <Chr Mame=_<start coordinate>_<End_coordinale>_<CNV_type=_
<slrain=. For TNV types "d" indicates decrease (depletion) and "D increase (duplication).

Supplementary Table 58. Single nucleotide variants and small indels in BY and vig22
mutants, Total number of single nucleatide substifutions and small indels (less than 5 bp in size)
are reparted for the wild type BY4741 yeast strain, and for ezch of the 11 wd22A mutants used

in this study (columns). For each strain counts of indels and single nuclectide substitutions are
repartad on tha rows. Cumulative numbers are reporied in lhe penullimate row (Tot). The last
row (Wilcoxon P) indicates the p-value, according o a Wilcoxon sum and rank test, for the avar-
representation of small indels and SMVs in wd22 mutanis compared to the wild type strain.

Supplementary Table 58. Enrichment of G4 elements at predicted structural genomics
rearrangements. p-values according to the hyper-geometric distribution. Fold changas of
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ennchment are computed by comparison with a matched number of simulated random genomic
intervals of the same size. The following datasets were used for the prediction/annotation of G4
elaments in the yeast genome: Capra et al, predictions according to Capra et al. (17).
PDS_Marsica_et_al, and noPDS_Marsico_et_al. G4 as established by Gd-seq in Marsica et al
2019 (96) with and without pynidostatin (PDS) respectivaly, G4 AllQuads Kudlick et al. G4 as
predicted by the AllQuads method, using *G3 N1-7 B3 N1-T G3 N1-T G3 " as definition of the
intra-G4 motif {97). Capra et al. was considarad since it provides a highly used resource which is based
o non-sinngent crteria lor the prediction of G4, The predictions by ALLGuad ware based on morg
camanical and very sirict criteria, while in Marsico et al they provide experimental validation of G4 forming
structuras by a large-scale NGS assay and it is nol purely based on in-silice predictions,

Supplementary Table 510. Complete list of the genomic regions altered in wid22 mutants
and their intersections with G4 elements. The lable containg the st of predicted copy numbar
alterationz in the 11 wid22A strains as described in Table_S7 intersected with predicted G4
elements, The G4 prediction dataset were described in Table_S9

Supplementary Table 511. Detailed annotation of ChiP-seq Peaks. Chr: chramosomea, Start:
starl coordinate. End: end coordinate. LOG10-P: -log10 peak call p-value: Annotation: paak,
annclation. Distance to TSS: distance o nearest T3S in base pairs. Nearast Refseq: nearest
refseq ranscripl id; Gene name:. geng name.

Figure 51. Endogenous phosphorylation of Rad53 checkpoint kinase in mutants that
show genomic instability. (A) Protein extracts from wild type, wid224, six5A or slx8A cells were
analysed by western bloiling with anti-Rad53 antibodies. The arrow indicates the phosphorylated
forms of Rad53. (B) The cell cycle distribution of exponentially growing cullures was determined
by flaw cytometry of logasithmic phase smi1A, smlTA wid224, smi1A mectA and smilTA mecti
wid22A cultures. SML T deletion is necessary to suppress mecTA cell lethality. The positions of
cefls with 1C and 2C DNA contents are indicated.

Figure 52. Chromosomal pattern of wild type and wid224 strains, [A) Chromosames wera
prepared fram N=10 independant wild type strains and saparaled by PFGE. (B} DNA was
prepared from 13 wild type and 7 independent wid224 mutants derived from the sporulation of a
heterozygous diploid VID224d224 and chromosomes were fraclionated by pulsed-field gel
electrophoresis. The positions of the 16 chromosomes are indicated. * indicates chromosome
size changes; d indicates chromosome duplications.

Figure §3. Comparison of expected and observed distance of CNVs prediction from G4
slements predicted from different. dataset. Frequency disiribution of observed distance of
predicted CNY from G4 elements 2 represented in blue. The expected distance distribution,
estimated by 1000 independent random resampling of 8 matched number of genomic windows
of identical size, is represented in red, Distances in base pairs (bp) are representad on the X
axis, frequencies on the Y axis. The three different dataset of G4 prediction were descrbed in
Table 59.

Figure S4. Loss of Env11 does not lead to increased GCRs at G4 loci and Vid22 HU
sensitivity. (A) The GCR rates for wi and env! 1A are plotled, Each data paint is from an
independent fluctuation test, with n z 3 for each strain. The horizontal bars indicaie the mean
CGR rata for each strain (M=3 independant experiments). The GCR rata is caloulated with the
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expenments described and represented in Fig. 5. The PREY locus was replaced with the G4
cassette as described in the text. An unpaired Student's Hest was used to compare the means
of measuremeants and the p-value is indicated, (B) Tenfold serial dilutions of exponentially
growing culturas of the indicated sirains were plated on YPED, YPED + 100 mM HU. Images
were taken after three days Incubation at 28°C.

Figure S$5. Summary of ChiP-seq peaks annotation and distance from G4 predicted
elements. (A) The table reports a summary of the annotation of Vid2Z2 ChiP-seq peaks.
Annotation; type of genomic element. Total size; cumulative size in the genome. Vid22 Peaks:
lolal number af WidZ2 peaks associated with each elament. Simulated Peaks: equivalent
information for a matched number of simulated ChiP-seq peaks (sae materials and mathods).
Log2 Enrichment: log2 fold enrichment (real v simulated). p-value (Fisher Test): p-value for the
ennchment according to a 1 tailled Fisher exact test. G4 real; number of Vid22 peaks overapping
predicted G4 elements. G4 simulated: equivalent for simulated peaks. Log2 G4 enrichment: log2
fold enrichment for proximity to G4 (real vs simulated), p-value G4 [Fisher Test): 1 tailed Fisher
axact fest for enrchmant, (B) For evary peak the dislance to the closest element is reported.
Dark purple: observed distribution. Light purple: expected distribution as established by analysis
of a matched number of random genomic intervals of eguivalent size. Distances, summarized in
bins of 500 bps are reported on the X axis. Frequencies on the ¥ axis. (C) Zoom at a closer
resolution. Only distances within 1000 bp from predicted G4 are displayed. Bins of 100 bps are
used.

Figure S6. Vid22 binding to G4-DNA is independent of Tbf1 binding site, Sgs1 and its
BED-domain. (A} List of DNA seguences of wild lype and mutated Chr VI SKNT locus,
modified nuclectides are indicated in red; TAGGG represants the predicted Thbf1 binding site
(TES). (B) ChiP-qPCR of Vid22 at Chr VIIIFG4 mutated in Thit binding site. ChIP was performed
in wikd type (Mo Tag), Vid22-13Myc canrrying G4 wild type sequence and Yid22-13Myc
harbourng Gd-mulated saquence; all strains used have boalh Thf1-binding sites mutated as
indicated in panal A, Fold enrichment of Vid22 at Chr VIII-G4 was calculated ralative 1o the
intarnal standard HHTZ. Data are represented as mean £ SEM of N=3 independent experiments
and the p-value ks Indicated. (C) ChIP-qPCR of Vid22 at Chr VIIl-G4in presence or absence of
Sgs1. Fold enrichment of Wid22 at Chr VII1-G4 was calculated as described in panel B, (D)
Analysis of interaction of Vid22 BED-domain mutated protein with DNA forming G4 structures
using the Reflactive Phantom Interface (RPI) as reported in Figure 68,

Figure 57. Vid22 loss does not lead to altered levels of DNA:RNA hybrids at the GCNY or
SKNT loci. DNARNA hybrd immuncprecipitation (DRIP) with the S9.6 antibody in
asynchronous culture of the wild-type, wd224 and pob3-7 strains. Samples were treated (+) or
nat (=) in vitro with RNase HI (RNH) prior to the immunoprecipitation. Relative units are the ratio
betwaen wvidd24 or pebd-7 and wild type percentage of input; N=3. The means and SEM of N=3
are plotted in bath panals. An unpairad Sludent's Hest was used to compare the means of
measuraments and the p-value is indicated,
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FIGURE 51
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Figure 51. Endoganous phosphorylation of Rad53 checkpoint kinase in mutants that show genomic instability.
{A) Protain extracts from wild type, wid224, slx5A or six@s cells were analysad by western blotting with anti-Rad53
antibocies. The amow indicales the phosphorylated forms of Rad53. (B) The cell cycle distributicn of exponentially growing
cultures was determinad by flow cytometry of logarthmic phase amiia, smiTA wd22A, amifa meciA and

amifa mecis wid22A culbures, SMLT dedetion s necessary to suppress mee 1A call lethality

The posiions of cells with 18 and 2C DNA contents are indicated.
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FIGURE 52
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Figure 2. Chromosomal pattern of wild type and w224 straing. (A} Chromasomes were prepared from Ne 10 mdependent
wild-lype strains and separaled by PFGE. (B) DNA was prepared from 13 wild-type and 7 independent vid 224 mutants derved
freem tha sparulation of & heterozygoes diplosd VIDZ22A902258 and chromosomes ware ractionated by pulsed-field gel
slectrophoresis. The positions of the 16 chromosomes are indicaled. ® indicates chromasome size changos,

d indicates chromosome duplicafions.,
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Figure 83, Comparison of expected and observed distance of CNVs prediction from G4 elements predicted from different
datasel. Frequency distibubion of observed distance of pradicled CHNV from G4 elements is represented In blus,

Tha expacted distance distnbubion, estimated by 1000 independent random resampling of a matched number of genomic
windows of identical siza, is represantad in red. Distances in base pairs (bp) are representad on the X axis, fraquencias on

the ¥ auis. The three different dataset of G4 prediction were described in Table 58,
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Figure 54. Loss of Env11 does not lead to increased GCRs at G4 loci and Vid22 HU sensitivity.

{A)The GCR rates for wi and envT1A are plotted. Each data point is from an independant fluchuation test, withn iz 3

for each strain. The honzonial bars indicate the mean CGR rate for each strain (M=3 independeni expeniments).

The GCR rate is calculated with the experments described and represented in Fig, 5. The PREY locus was replaced
with the Gd cassstte &5 described In the text. An unpaired Student's t-lest was used to compare the means of
measurements and the p-value is indicated (B) Tenlold serial dilutions of exponentially growing culbures of the indicated
straing were plated on YPED, YPED = 100 mb HU. Images wera taken after three davs incubation af 28°C,
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FIGURE S5
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Figure 55, Summary of ChiP-saq peaks annotation and distance from G4 predicted elemants.

{A} The table reports a summary of the annotation of VidZ2 ChiP-seq peaks. Annotation: type of genomic elemant

Todal size: cumulative size in the ganome. Vid22 Peaks: total number of Vid22 peaks associated with aach element.
Simulated Peaks: equivalent information for a matched number of simulated ChiP-seq peaks {see matenals and methods ),
Log2 Enrchment: ing2 fold enmchment {real vs simulated). Pvalue (Fisher Test): p-value for the enrchiment

according 1o 8 1 talled Fisher exact test, G4 real: number of Vid22 peaks overlapping predicled G4 alemants.

G4 simulated. equivalent or simulated peaks, Log2 G4 enmchment: log2 leld anrichmeant for proximity

o G4 (real vs simulated), Pvalue G4 (Figher Test): 1 tailed Fisher gxact lest for enrichment. (B) For every peak

i distance lo the cdosest element & reported, Dark puerple: obsorved distribution. Light purple: expecied distribution

as astablished by analysis of 8 matched number of random genormic intervals of eguivalent size. Distances, summanzed
in bins of 500 bps are reported on tha X axis. Frequencies on the ¥ axis. (C) Zoom at a closer resolution.

Only distances within 20000 bp from predicted G4 are displayed.
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FIGURE 56
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Figure 56. Vid22 binding to G4-DNA |5 independent of TbH binding site, Sgs1 and its BED-domain, (&) List of

CWA sequences of wild type and mutated Chr VI SENT locus; modified auclectides are indscated in red, TAGGG represents the
pradicted ThiT inding sie (TBS), (B) ChIP-gPCR of VidZ2 at Chr WIII-G4 mutated in Thi bnding site. ChiP was performed in
wikd Bypi (Mo Tag), Vid22-130Mye carrying G4 wild-type sequance and WVid22-13Mye harbouring Ga-mulaled sequance:

all strains used have both Thli-binding sies mutated as indicated in panel A. Fold enrichment of Wid22 at Chr VII-G4 was
cadculated relative to the internal siandard HHT2. Daia are represented as mean + S5EM of N=1 independent exparimants

and the p-value is indicaled. {€) ChiP-gPCR of Wid22 at Chr VIIl-G4 in presence or absence of Sgs1. Fold enrchment of WidZ2
gl Chr Vill-G4 was calculated as described in panel B. (D) Analysis of interaction of YidZ2 BED-domain mutated protein with
DMA forming Gd structures useng the Reflective Phantom Interface (RPI} as reported in Figure 68
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FIGURE 57
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Figure 57, Vid22 logs does not lead to altered levels of DNA:RNA hybrids at the GON4S or SKNT loci,
DMARMA hybrid immunoprecipitation [DRIP} with the 598 antibody in asynchronous oullueg of the wild Gype,
vid22a and pob3-7 strains. Samples wara freated (#) of not (=) in wiro with RiNasa Hi (RMH) prios to tha
immunoprecipitation. Relative units is the rato between wid224 or pob3-T and wild type percantage: of input:
N=2%. The means and SEM of N=3 are plotted in both panels. An unpsired Student's i-tes! was used to compare
the means of measurements and the p-valee is indicaled.
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10.2 Spotlight on G-quadruplexes: from structure and modulation to

physiological and pathological roles

[ contributed to this work by text revision and editing throughout, especially in

paragraphs 2 and 3. I also performed an accurate revision of the literature cited in

paragraph 2.
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Abstrack: G-quadrupleses or Gd= are non-canonical secondary structures of macleic acds charac-
terized by puanines arranged in stacked tetraples arrays. Decades of research inbo these peculiar
assemblies of DNA and RNA, fueled by the -h\'ﬁnpmm1 ard nptimi.uli-m of g vast armay of tech-
ndquies and assays, has resubbed in a large ameont of information regarding theldr structure, stability,
locatization, wd biclogical significande in native systems, A plethora of articles have reported thie
roles of € qmdmplm in rnul'liplr paﬂn\'z:ﬁ. across several 1p:ci(:a, ranging from gene t'xlnm'l.cm
regulation to BNA blogenesis and irafficking. DNA replication, and genome malntenance, Crucially,
a large amount of experimental evidence has highlighted the mldes of G-quadrupbeses in cancer
hﬂﬁog)'.and oither pntholngl.ﬂ. pmnring at these structurally uniqur Ruanim:- aszpmblies ax amenable
drug targets. Given the raphd expansion of this feld of research, this review aims ab summarlzing
all the ndevant aspects of Gquadruples baulogy by comibining and discussing resulis from seminal
works as well as more recent and n.mi.m-l.-d.gc cxpﬂﬁrnrnlnl evidence. Additionally, the most com-
mon mathodologies used o study Gis are presented o ald the reader bneritically inferpreting and
integrating experimental data.

Kevwords: G4 nuclele acilds structures; DNAG RNA

1. Introduction

Mucleic acids are the biopolymers responsible for storage of genetic information, its
heritability, and demdi.rlg to eftectively build the components of an organism. While most
of their functions have been linked to their canonical secondary structures, mouwnting
experimental evidence has revealed the existence and functional relevance of a wide varicty
of alternative conformations of DMA and BNA, among which the G-quadnuples. has been
the most extensively stedied, The following paragraphs expand wpon seminal reviews in
the field [1-3] by providing a summiary of relovant and more recent Bterature pertaining
to the structure, stability, dynamics, and physiological and pathological relevanoe of this
non-canonical secondary st ture,

2 Dverview of the G-Quadruplex
Diéscomery and Stracture of the G-Cundrupies

Research on (hpa:'mplﬂxcﬁ and thedr structural unit, he Ci-fetrad or G-n:l'uarbﬁ_. ma
half-a-century old endeavor (Figure 1), The firt experimental evidence of the self-assembly
capabilities of guanines dates back to the 191 0s, when it was reported that guanylic acid
solutions at high concentrations formed a gel [4-5].

Int. | ool Sl 2024, 25, 3ia2. hitps: s/ dolorg! 10,3390/ i 23000162
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Figure L Selecbed ouledtones in G-quadmples meearch.

Five decades later, the mechanism behind this cunous phenomenon was revealed
in an ¥-ray erystallography exporiment, where the guanines of 5-GMP wers found to
associate into 8 helical higher-order structure, presumed (o be formed by the stacking of
planar structures of guanine quartets held i place by hydrogen bonds [7]. This structural
hypothesis of the G-tetrad was later built upon using X-rav diffractbon data of polyinosinic
acid [85], which is structurally similar to polyiGh. In the late 19805, new studies using
oligonuclestides corresponding to the guanine-rich immunoglobulin switch regions and
telomeric sequences postulated that these formed four-stranded assernblies compatible
with stacked G-tetrads [10,11]. In addition to using sequences from real genomic regions
notoriows for their tandem GC repeats, the authors of these studies provided new com-
pelling hypotheses on the invelvement of this poorly characterized secondary structure in
key biological processes, such as meiotic chromesome pairing before crossing over | 10] and
telomere regulation 1] Sinee then, new insights into the structure of G-quadniplescs have
been made thanks to a wide variety of experimental techniques (reviewed inooef, 121, while
the furction of this assembly has been probed in biclogical systems. Indeed, shortly after in
aseminal work it was found that oligenucleotides, bearing ciliate Ctrichi nit telomeric
repeats folded Into Gquadrupleses, inhibited telomerase sctivity in viteo [13], thus linking
this structurne o cancer biology and anticancer therapy. Nowadays, a consensus for the
intramalecular G-quadruplex (also known as G4 or tetraplex) his been reached {Figune 2a),
and 18 structure is understood to amount to ot least two stacked planar G-tetrads, each
consisting of four guanines interacting with ene another forming non-canonical Hoogsteen
bonds. More specafically, within the plane of & G-tetrad, four guanines ane placed according
to a four-fold matatlon axis, exposing to one another compatible palrs of chemical groups
that function as electron donor and scceptor. In this configuration, the electron-poar hydro-
pens of the -NH groups of the guanine base establish hydrogen bonds with the electson rich
oxygens and nitrogens of the nearby guanine. In this planar array, stacked G-tetrads are
further linked by van der Waals forces thanks to the 7 electrons of the aromatic nings from
each base {reviewed in rvaf, [14,15]). The whole structure is additionally stabilized by metal
ions, particularly monovalent alkali cations such as Ma® and K, which are positioned at the
contral axis and coordinate the electron-rich oxvgen atoms of the nearby puanilvl bases [ 16]
{Figure Zbd}, Several in vitro studies have reported the ability of both menavalent and
divalent cations fo aid G4 folding and stability, albeit to different extents [reviewed in
rof, [17]h The presence of four bases per G-tetrad implies that the Gequadruples is a four-
strandid structure, with each strand either being part of the same neceic aod molecule
{intramoplecular Gas ) or belonging to different molecales (mtermaolecular Gads). Additionally,
the: phosphodiester backbone, linking guanily] bases of consecutive G-tetrads, has intrinsic
directionality, meaning that a strand can be denoted as having a parallel or anbiparallel
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orientation b each of the neighboring enes (Figune Ze). Thus, G-quadnapleses can be
referred bo as parallel, antiparallel, or hybrid, the Iatter corresponding to only oo Gestrand
rurnaing e npp(‘lsi.h} direction with r(-‘_ip(r't b the odber three.

A notorious example of a paralle] G-quadruplex structure comes from the determi-
nation of the human telomeric repeat assembly in the presence of potassium [ 18] Note-
worthily, in the case of intramaolecular Gis, bwo strands participating in o G-quad ruplex
miust be linked by a loop. Numerows loop connections have been described, with the
simplest ones being the propeller, lateral, and diagonal loops (reviewed in red. [14,19];
Figure Ic). Interestingly, it has been demonstrated that loop length and sequence affect
the stability and folding of the tetraplex structure |20-2%]. An additional element to be
considered when describing the structure of a G-gquadraples is the type of grooves of the
assembly, which are defined by the anti or sy conformations of the ribonuclectides or
deosyribonuclestides linked to the guanines participating in the G-tetrad, These confor-
mations refer to the torsion angles formed by the glveosidic bond between the sugar and
the mucleobase maictics. Depending on the configurations of the nucleotides of adjacent
guanines in a betrad, grooves are defined as wide, medium, or narrow, with the first and
last of these corresponding to arrangements where aligned nucleotides have opposite
ghvoasidic bond angles | 15,2625 Although all the topelogically possible combinations
of N-glyeosidic bond conformations and canonical loops have been determined [26], only
a subset of these have been expenimentally verified [29=52] To complicate things even
further, a number of nos-canonical G-quadruplex assemblies hivve been observed over thae
years (reviewed In ref. [33]) While most G-quadruplexes have been reporied to have a
right-handed helical twist, left-handed Gds [34] and even hybrd Gds [35] have also been
observed. Left-handed G-quadruplexes can be formed by at least two distinet minkmal se-
quence motives of 12 nt|36,37). Interestingly. the GTGGTGGTGLTG matif, which &= highly
abundant n the human genome, was not only shown to independently form left-handed
G structures, but also to drive the Tormation of left-handed conformations from several
other sequences, when attached to them |34]. Machine learming methods to classify right-
and left-handed G4s based on torsional angles have been recently explosed [35). Moseover,
bulges or protrusions of nocleotides from the G-tract | 39,47], vacant guanine spots inside G-
tetrads, snapback loops that Gl in the empty spot [41-£560], and Deshaped loops conniecting
guanines that are not contigwous in sequence but that are part of the same G-tract [47,45),
are omlly zome examples of our current understanding of unusual G-quadmaplies topologics.
All im all, depending on the combination of the number of nucleic acid molecules that
participate in the formation of a G-quadruples, the relative orentation of its backbone
stranads, and the presence and topaology of conmecting loops and bulges, it is evident that a
whele t'zrio:i'_\r il G-qua.dru]ﬂpjc ennformations i Pnhﬂ'.’!ll: ErlJIﬂJI.I:l‘l; ik Fas been determilned
that the same G-guadropbes-forming sequence can give fse ko bwo or more coexisting G
structures i solutbon [ 300951, Interestingly, the type of cation in a buffer was shown to
influence guadruplex conformation in vitre (reviewed inoeef, | 17]k Inaddibon, different
structures show varable affindty towards G-quadmplex-binding protelns [52,59] and small
molecules |F4-56], and this can be the basis for the selection of molecules that are specific
for different structures, Given the abundance of polymoephle G-quadruplex siructures, 1t s
thus templing ko assert that cells can discriminate between different (4 topologies. which
would then be linked to distinct biological rales in live cells |19], although the extent to
which this is true is vet to be elucidated.
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Flgure 2. Streciural organization of G-quadmipleses, (a) Basic sequence of an intramolecular
G-gquadnuples. (b} Structune of a DNA G-quartet, the basic structural element of a canonical G-
quadruples.  Four coplanar guandnes establish Hoogsteen bonds between bwir complementary
surfaces, while the electran-rich O atomis are stabdbized Ihmugh coordination of the central mono-
valent cathom. Multiple G-quarbels ane stacked upon one another via 7w orbital inberaction of their
aromatic systems () Schematic representation of possible strand and loop oshentid ons within a
Grguadruples. Gbs are categorioed s pasallel when all four strands of thesr G-quartets have the
samir ortendations, antiparallel when two pairs of strands nm in opposite dirsctions, or hybrid when
threse out of four strands ane codirectonal G1'.|1mdru|:|[|'x stramcks are comnected h}' Inup struchares,
thes maoest cormon bedngg the propeller (bottam left), the Latoral {center bottom), and the disgonal
loops (bodtom eight) (d) Top (lelt paneld and Laberal {right panel) slews of human lelomeme structure
(P 1 2HY9 [57]) mod ifved skl Muol* (hiltps! /A doloeg # 1L T tai/ ghabS14) Enfferent colors
represent different G-guartets

Ower the YEAs, M'!miﬁmnl: strices have been made in Fn]\."ir]i'ng structural informa-
tiom of sequences harboring G-quadropleses. As was expected from their Gerich repeats,
structural studies have revealed that human telomeric repeats fold nto G-quad ruplexes
in vitre [13]. Besides telomeres, sequences shown o fold into Gquadrupleses in vitro
were found in promoters of key genes, particularly in the nuclease-hypersensitive ele-
menl Il of human c-peee [55-60] and a regulatory element 87 nucleotides upstream of
the transcription start site of human c-kif [46,61]. In addition, In human minisatellites
CEB1 and CEB2S, G4 structures were solved by MMR [62,63], Despite mounting evidence
of G4 structures from G-rich sequences, it is not guaranteed that tetraplexes can fold at
corresponding genomic sites inside cells. A key aspect of most in vitro studies is that
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Cquadruphex structures are determimed wsing single-stranded oligonucheotides. 1Fis im-
porctant to consider that in chromosomal DNA, the tetraples strochune is in competition
with the standard double-helix conformation, with the displal:éd C-rich strand available
tor re-establish Watson-Crick complementarity, Indeed, it was found that, in the presence
of the complementary strand, some oligonucleotides prome to G-quadruplex formation
tended to form duplexes instead [21,64-72]. This suggests that G-quadruplexes do not
fold automatically im chromosomal DMNA unless the double hellx is unwound or dena-
tured to expose the guanines for Ctetrad formation. One possibility of that ocourring
is when DNA Is subjected to negative supercotling; however, it has been demonstrated
that this alone cannot induce G-quadruplex folding in plasmids [73]. Contrastingly, single-
maolecule imaging expeniments in cells revealed that C-quadruplexes are indeed formed
upon dsDNA unwinding during DMNA replication [74). Furthermore, when the compe-
mentary Cerich stramd is independently stabilized, G-quadruplex formation is favored.
Thiz was demonstrated in vive with the so-called G-loop, a structure where R-loop forma-
tion on the transcribed strand is coupled to Gogquadruplex folding on the non-template
steand [75], Howeover, the opposite is true when considering the case of i-motifs. Simi-
larky o guanine stretches, a series of cytidine residues in DNA or ENA can also associate
in fur-stranded structures called i-motifs. These are secondary nucleie acid struckures
consisting of four strands stabilized by hemi-protonabed and intermalated cytosine base
praies OO+ [Fe77) 1t has recently been widely demonstrated that the complementary
strand of any Grguadruples-forming sequence & prone o forming -maobifs (revieved in
ref. [76, 780 Importantly, the stabilization of G-quadruplexes using small molecules was
shown to destabilize the i-maotifs, and vice versa. This suggests that these structurnes are
interdeperdent [79]. Owing to their distinctive physicochemical properties, these i-motif
structures have garnered considerable attention as novel targets for drug development
{reviewed in ref, [30]); however, a thorough discussion of these secondary struchures is
bevond the scope of this review. Another factor that ties G4 folding to polymerase activity is
the increased stability of the tetraplex in nanocages mimicking the confined space in the exit
channel of polymerases |¥1]. G-quadruplex folding was also found te be favored in molec-
ular crowding conditions |52-54], likely moge representative of the inovive environment of
chromosomal DNA. Another aspect to consider is the local chromatin accessibiliey, a feature
tightly regulated by chromatin factors and nucleosome positioning, Indeed, it was found
that G-gquadruplexes in native chromiatin of human cells often colocalized with markers of
euchromatin (HIK4med and RNApol 1), which are mosthy nucleosome-depleted [55], and
that Gd farmation likely displaces nuelecsomes in vitro [46]. While the concept of non-B
XA structures being excluded by nucleosomes and accumulating in open chromatin is
i.‘mnpl.'mns, it feeda further i.n'n'\q!nﬂga.ﬁl::rr'l_ Lroarall, r|1.|.1|,|.r|Hr|5 eridence findieates that G4
foldding in vivo is possible and facilitated by exposure of ssENA, stabilization of the com-
plementary C-rich strand, the crowdied conditions genomic DNA can find in cells, confined
spaces resembling the exit channel af polymerases, and posaibly nucleosome-depheted
accessible chromatin. As for RNA Gguadrupleses, in vitro siudies determined that elbsona-
cleotides could also fold in tetraplex assemblies. Intriguingly, given the single-stranded
nature of most RNAs, these structures were predicted to fold more easily than in DNA, as
well as being exceptionally stable [37-29]. In addition to proving that G-guad neplex folding
is feasible in cells, and thus allowing further investigations into the biological function of
these structures, most of the abovementioned conditions ane compatible with transcription,
telomere elongation, and DMNA replication. The biological refevance of G-quad ruplexes
will be discussed in a later section.

3. Tools to Study G-Quadruplexes

Depending on the biclogical question, a plethora of protocols, instruments, and probes
can be used to determing structural features or hinkogical functions of G-quadmiplexes.
Understanding the type of data each one produces, as well as advantages and disadvan-
tages, is hundamental when trying to piece evidence together into a comprehensive view
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of Grquadruplex bialogy, Knowbhesdge of the most comman types of assays can also help
in validating, results or when developing or improving an experimental protocol. The
following sections will provide a brief description of the techniques that have provided
hallmark results in the past, & well as those that are widespread in today's scientific reports

pertalning Gd biology (Table 1} Mewly developed probes and protocals will also be briefly
discussed to provide insight inte how the field is being improved.

Table 1. List ol in vitr, insilico, and i vivo echniques commonly used o study G-guadripleses.

Techmique Dhata Obtadmed Type Advantages Disaclvamtages
vy wiad _........_..... el fris v ahin, Ruq-l.umg:llmle
X-pay Skructia vt Aaigtrinm linsd Crgquadriplin
cryalillography Edpgaiiid= Pevmilistion ervalils
Imp\wul.ur b sy d:lurumlq'»
Phy=saliygical-closed conditions
Slructure
" " ; im witra Dhvnamic sudies -
PEMR Apeciroecopy ShEIIlyni;:m] im viva {adaphed) Can detect mudtiple £4 at the Lot ) ity
La same bme
Cari il ismerinnimute between Less mbormative than MME or
parallel fantiparallel "huu;!mﬁ?lr o
Struriure o b hybrids Gés o |
Chpuctoopy Stability (lemperanne) b Lo Ceateflective ot el
iy of ganc -aumg:mmm i
5 L X o
stahiliztion destabilation A form duglines
LV mefing m“'r{'_l‘m'“‘"" i vitm Drnamic studies Limw meseclutin
Stability Absolute distance m y
FRET Distarce between ¥ and [Soer ST M "’:““:fr':‘“["d';'““”
5 emids of DA resalution
< 5 . Cany inly pracics Cds matching
Higsnberrriabic l‘m.iul.r_mELGI " LEMﬁmE e vl wisasil 8o
prredictinm "‘: oo o 1 v gl b prcdicsas
gerame rapscriphome analyses Raquaires zaliddatioe:
Drstributi Can identify Hrepkl anllﬂm
. - uklon i genome 2 an identify o the type
o L amnid transcriptoms B non-canonacal Gis of the wsed
molecule
Antibody-based G spataa distribution ERE Droct visuabizasion e T
methods ChHIT i af Gis in ceils p vy

3.1, M Vitre Structural Shudies

I witro studies of C-guadruplex structure and stability remain a fundamental stop in
probing the morphology and stability of a tetraplex. As mentiomed, biochemical and struc-
tural ivestigations were first used to discover the structure of telomeetc C-quad rapleses.
These tvpes of studies wene fundamental to assess the wide vanety of canomical and
Pon-canonical G—quﬂmplek stuctures, p.M-"L:l‘lg the way four thi ﬂl:n’ln?pll: of G-qual:h‘l.tplcx
pelymorphism. Furthermaore, seminal investigations mto the dymamics of G-guadruphes
forming oligonucleotides were the basis for undesstanding the structural ebements and envi-
ronmental conditiong {cations, pH, and molecular crowding) that impact on G-quadruplex
dynamics. These insights are still valuable in currend research, as structural Information can
be wsed for rational ligand deslgn and molecular simulations. Among all in vitro assays
that have been used to probe G-quadruplex morphology, MMR spectroscopy (reviewed in
ref, |40} and X-ray crystatlography {reviewed in ref. [91[) are the most common. The latter
allows structural determination of DNA or RNA Gquadruplexes, alone or in complex
with proteins or ligands, at Angstrom resolution. Despite the potential of this technigue, its
major bottleneck is the formation of G-quadreplex-containing crystals suitable for analy-
sis, Keray crystallography requires that the target molecule is found in a highly ordered
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erystalline array, which is challenging o obkin, Several conditions need to be probed in
Grquadruplex crystallization protocobs o obtain s viable crystal [91,92] On the other hand,
the reed for crystallization is completely by passed in NMR spectroscopy, which offers
the unique advantages of assaying G-quadruplex structure and dynamics in solutton at
close to phystologlcal conditions [W0,23]. In the NMR experiments, the appearance of an
tmino peak in the 10.0-125 ppm range is Indicative of the G-tetrad formation [43] and
can be used to detect more than one G-quadruplex conformation at the same time ['4],
although this may resull in extensive spectral overlap, When the objective is to study a
single structure from a sequence capable of folding into multiple ones, such a sequence is
modified accordingly, for example, by changing the loop kength or the sequences flanking
the C-quadruples [30], Besides the oliga sequence, a desired G-quadnuplex morphology
can be selected by adjusting buffer and experimental conditions [%1] or by removing all
undesired structures from the sample using size exclusion chromatography [95], NMR
i al=o suited to monitoring G-quadruples stability over time or structural changes upon
addition of a ligand, allowing a decper insight into the kinetics and dynamics of a particular
conformation, as well as aiding ligard design [90], Interestingly, some MME protocols
can also be performed in living celly, as is the case for a ™F NME spectmsenpy study on
human telomeric ENA G-guadrupleses imjectied into X, Ierls oocvies [96]. Crucially, the
sty where this technique was described also unequivocally neported the exsistenoe of
foalded BN A ﬂ~|.'|:.|.."|d|1.lp|.{.%|.‘$ i vivo ['-'I"\-I, which had been Fmv:uuﬁ]}l debuted ['l?!. D!.eipl.h.'
thet widespread wse of erystallography and NME structural studies, their applicability is
currently beyvond the reach of investigating higher-order G-quadruples structures due o
their high topological fexibility, a feat that would provide unvaluable data on G4 position-
ing into a close-to-native DMNA duplex. A recent study [#] provided a possible solution
to this problem. By combining small angle X-rav scattering (SAXS), molecular dynamics
simulations, previcusly sobved G-quadrsplex structures, and a 7.4 A resolution cryo-EM
model, the integrative approach vielded a plausible structural model of a parallel G4 em-
bedded into duplex DINA with a polyd{T) ssDNA stretch. This tertiary DNA strwcture
clhosely mimics that of promoter G-quadruplexes and suggests that guanine tetraplexes ane
found stacked coaxially to the dsDNA duplex surdace, rather than protruding outside of
the double helix as previously thoughe [94].

An alternative to Xoray cryvstallography and NMR spectroscopy that does ot regquine
expensive squipment is circular dichroism (CO) spectroscopy, which was a pioneering
mirthod wsed to study DNA secomdary structures, Although providing much less informa-
tive than the two techniques described above, CD spectroscopy can be used o distinguish
between parallel and antiparallel tetraples conformations based on characteristic CO spec-
tra of the fwo conformations: anﬂniﬂ-r{had l‘IJPJl:H.l‘,‘.H exhibit a xharl:i rﬂll]:l:il:il"'l.' maxirninm
at 26l nm and a minimum at 240 nm, while antiparallel structures show a maximum and
miknkmasm af aboul 290 nm and 265 nm, respectively, These stark diffesences In CO spectra
are the resull of the different N-glycosidic torsion angles of the strand participating in G-
quadruples formation (all @efi in parallel G-quadruplexes, and alternale apti-syn e antipas-
alled ones), leading to differently stacked Getetrads [14,95], (D spectra are easily interpreted
using these criteria, vspecially when sludying telomeric G-quadruplexes; however, non-
canonical conformations and structures that do mot conform to telomeric C-quadruplexes
oy vield different CD spectra and prevent scientists from assigning strand orientation Lo
the structure, Nevertheless, oulside of these cases, CI spectroscopy offers the possibility to
caloulate the melting temperature, thus providing additional information on the stability of
the assemibly [ 14). On the basis of the characteristic transition of U'Vsvisible absorbance for
Crequadruplexes at around 295 nm, three biophysical methods for the characterization of
G4 struchares in vitro are commaonly used: isothiermal differential spectrum (105), thermal
differential spectrum (TDS), and UY melting {reviewed in ref. [100]). In particular, UY
melting experiments are performed to assay Gequadruples thermal melting by measuring
UV absorbance of the sample at 295 nm at increasing temperatares [101], I combination
with Hhese l.l:chl‘liq:ucs. studdie=s usi:r'lg iltraviodet resonance Raman 5pt;1hmw E'Ill'll and
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differential scanning calorimetry | 1073] can provide important mfermatiom am the struchane
and dymamics of G-guad ruplexes.

Alternatively, G-quadruplex unfolding can be monitored with fluorescent probes
linked to the extremities of oligonucleatides. For example, Fuorescence Resonance Energy
Transfer (FRET) has been adapted for G-quadruplex stabillty experiments; FRET efficiency
{acceptor fuorescence intensity over donor Nuorescence emission) can be used o measurs
the distance of the 3’ and 5' ends of a ssDMNA, which ks minimal when a G-quadruplex is
present [A5, 104, 105]. Although particular care should be laken in the chaice of fluorophores
and in minimizing their impact on G-quadruplex foldability, FRET provides the unigue
advantage of absolute distance measurement as direct evidence of tetraplex folding and
unfolding |114] and has evolved to reach single mobecule resolution [66,106]. Recently, evo-
lutions of this techndque, such as FRET-MC {melting competition) assay and its isothermal
version, lse-FRET, have been proposed to analyze quadnrples formation in vitro | 107,108],
Moreover single-molecule force spectroscopy techniques, include optical bwveszers (OT),
magnetic tweezers (M), and atomic force microscopy (AFM) allow real-time detection
of falding/unfolding dynamics and discovery of different G4 topologies {reviewed in
ref. [104]).

32 Bivinformmtic Prediction of G-Cadripleses and Pofimentse Slop Assays

In vitro biophysical studies have provided instrumental information on G-quadraplex
structure variability, stability of different tetraples formes, and how it & impacted by se-
quence elements. This allowed the definition of mabes to predict whether a given sequence
can fold info & Gquadruples, laying the bases of bioinformatic predictions. The earli-
est works in this direction wused a simple sequence mode] Built on the assumption that
intramodecular G-quadnepleses nsquine four short stretehes of at least thee consecutive gua-
ninis separabed by short spacers that would become the loops of the assembly [110,111] In
othier words, the bagle secpuesice defined ag having the potential o fold e a Gguadmuples
had the following structure: GrsLlprGal2) G sl sGaa, where L1, 1.2, and L3 are
the three loops connecting the guanines that are assembled inko G-tetrads. The maxknm

of these connecting sequences was capped at seven nuckeotides to reduce com-
plexity [111]. Even with this low complexity model, the Quadparser algosithm indicated
that as many as abouat 375,000 non-overlapping sequences in the human genome could
potentially form a G-quadrupbes [110,111]. In the following years, this number has risen
thanks to improvements in algorithms and putative quadruples sequences. (POS) models
{reviewed im ref. [112]), Despite the widespread adoption of the original stratezy based on
the abovementioned consensus motid [113-115], new methods have since been developed
to allow the detection of nem-canonical G-quadruplex structures. For example, the pres-
ence of a limited number of balges, mismatches, and long Joops in a sequence does not
automatically exchade it from G-guadruplex propensity evaluation in pysfinder, although a
scowne s assigned tooeach identified sequence to penalize such imperfections [116]. Cither
detection tools, such as GdHunter, assign the score using G richness and G shewness [117]
More recent algorithms have incorporated maching learming models [115,179] and /or are
also trained on a datasel of sequences confirmed to form G-quadruplexes in vitro | 116,117]
Creerall, as mew tools are developed o more accurately predict putative canomcal and
non-canirical Gl sequences, it s evident that the abovementivned sequence model waed
by the Cuadparser algorithm has become obsoleto,

Additionally, other bioanformatic lools have been used to predict the three-dimensional
conformation of G-quadruplexes from a given sequence. Indeed, inter- and intramolecular
G-guadruplex structures can be generated in silico using web tools such as 30-Mus [120].
This modeling could be used to explore the dynamics of different G-quadruplexes and the
docking of proteins and ligands,

Furthermare, the efficacy of some POS prediction algorithms was tested using the
output of the high-throughput G4-seq method | 121], which consists of 2 modified llumina
sisquencing profocol when: polymerase amest upon encountering a felded G-quadruplex
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in the template s identified by a drop m sequencing quality scones, Chly the dip in
Orscores specific for G-gquadniplexes wias selected thanks to the comparison between a
sequencing run in standand conditions and one where Gquadruplex stabilizing factors
{either K° or the small-moleculs ligands such as pyridostatin or PhenlXC3 were added
tor the sequencing buffer). G4-seq of the human genome identified more than 700,000 G-
quadruplex forming sites, of which about 0% were not predicted by the standard G4 maotif-
based Cruadparser algorithon [ 110,131], possibly comprising mon-canonical G4 structures
escaping the algorithm folding rule (Gy+MNj_pG3+N | _5G3-Nj_5G3+), like those with loops
lomger than seven bases, bulges in the G-tracts, or only two G-tetrads. On the contrary, the
original Gd-seq method failed to detect 27% in PDS and 40% in K+ of Cread parser-prodicted
canonical G4-forming motifs [121]. Even when considering predicted potential Gé-forming
motifs with loop lengths up to 12 nucleotides, 37% of them still evaded G4-seq in PDS
outputs [122]. This inconsistency may be mainly cxplained by inadequate sequencing
coverage in certain GC-rich genomic regions {due to inefficient amplification at stable Cds
in Ma+ and PCE biases during library preparation), P25 stabilization performed in MNa+,
and bow resolution of the observed G4 motifs and consequent merging of proximal G4
motifs of the original experiment. Additionally, limited G4 stability, binding specificities
of the employed G4 higands, and the in vitro experimental conditions may account for
a fraction of false negatives. To overcome these limitations, improvements have been
introcuced in the second-generabion method that have successfully mcreased the specificity
of the assay in K™ PDS. In fact, the nefined protecol detected -95% of human canganical
Ouadparser (s and B4% af the 706 k potential Gi-forming sequences with loops as long
as 12 nt [122).

The assay was also adapted for transcriptomic analysis; in fiGd-seq reverse transcrip-
tase stalling is induced when G-quadrupleses are folded in vitro on bemplate mENA upon
addition of K* or K* and pyridestatin (PDS) [ 123]. After retrotranscription and [llumina
sequencing, the sequences that lorm G-quadruplexes are detected as a drop in coverage
whien compared to the same assay performed with LY, a known G-quadruplex destabi-
lizing agent [127]. Analysis of the Hela transcriptome revealed that as much as 88% of
dotected reverse transcriptase armests correspond fo non-canonical G-quadruplexes [123], 1t
i= evident that both G4-zeq and rG4-seq can potentially detect tetrapley structures without
prior knowledge of their sequence motif or overall fold, while traditional bioinformatics
tools ane based on a model that cannot be applied reliably (o all possible G-quad nupleses.
Despite this, hoth polymerase-stop assays and bicinformatic predictions of Grquadrupleses
affer a limited view of the role of these structures in genomes and transcriptomes, because
thee presence of these folded structunss must be validabed in vivo fo provide any meaningful
|Mi.g'|'|!. In addition, both appnwu.'hm ol p:m.-n!ia]l}- brissed resuilts, siice most ﬂJ“L‘lI'H‘]"Im.'\.-
are built on a sequence model that cannot ke inte aceount G-guadruples structures that
are yet o be studied, while Gd-seq and rfGd-seq offer only indlrect proof of G-quadruples
formation and use small-molecule lgands that may have binding preference for cortain
folds over others. These lssues, however, were partially addressed in the orlginal studies;
rird-seq results showed more pronounced teverse transcriptase stalling in the K*-PDS
condition with respect to the K* onlyv experiment | 123], while Gd-seq data with PDS was
largely overlapping with that of the alternative (4 stabilizer molecule PhenDdC3 [121,024]

A further improvement may come in the next years [rom innovative sequencing
technixlogies such as nenopose sequencing. Indeed, a recent work proved that non-B DA
structures, including G-quadruplexes, can be predicied from whole genome nanopore
sequincing data, based on the timing of DNA translocation of non-B compared with B
DA [125]. These findings represent a cracial step towands direct G4 detection in cellulo
and in vive, which could add an additional step in the study of these structures.

1.3 Antibdy-Based Mettods for G4 Deteclimn

While in vitro and in silico studies of G-quadrupleses are fundamental to understand
the structure, stability, folding dynamics, and prevalence of G4-forming sequences in
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nucleie acids, the need for o disseckon of thesr funchonal relevance has fueled the de
velopment of tools to detect these structunss in vive. Within cells, the complex interplay
between guanine tetraplexes, native chromatin context, G-quadruplex-binding proteins,
and those involved in genome maintenance and BNA biogenesss results in G-quadrupleses
modulating a molecular process or patheway to ulimately produce a biologically relevant
effect on the system. To link such effects to G-guadruplexes, the most common strategles
rely om designing a probe, antibody, or small molecule that specifically binds the tetraplex
assembly. Orver the years, a small number of antibodies and single-chain variable fragments
{scFv) have been used and validated to detect G-quadrupleses directly in cells. The latter
correspond o structures where the heavy-chain and light-chain variable portions of a tradi-
tiomal antibody, which, when combined, form the antigen recognition surface, have been
synthesized into a single polvpeptide chain. Among these, the probes Sty3 and Sty4® wene
originally selected by ribosome display from the Human Combinatorial Antibody Library
for high affinity binding of the ciliate Stylonpchia lemmae telomeric repeat d(C4 (TG )y and
provided the first evidenoe of Gequadruplexes in isolated nuclei [126], 563 was found to
specifically recognize parallel Goquadruplex structures at picomolar affinity [176], while
Styd% showed comparable nanomalar affinity for both parallel and antiparallel conforma-
tigens [126]. Probe binding was validated in vitso by in sit immunofluonsssencs on salabed
&, femnine macronucled, where Styd produced no signal, while Sted¥ binding was shown
to be speeific for folded G-quadruplexes [126,127]. Importintly, Sivd9 immunostaining
providid the first dinect evidence that G-quadrupleses ane absent from replicating telom-
eres, which was expected due to the tetraplex assembly potentially induclng polymerase
arrest during replication [126]. It is important to note that these studies were performed on
Isolated macronuclel from hypotrichous ciliates, wherse telomeric DNA concentration s far
higher compared to other species | | 24, 129). Two other single-chain variable fragments were
validated by immunofluorescence experiments on human cells, proving 1o be appropriate
solutions to explore G-quad ruplex biology in metazoans, BGS was isolated by phage display
and confirmed to bind varioos G-quadruplex conformations in vitro | 1], BG4 staining in
multiple human cancer and non-cancer cell lines shows mostly nuclear fod, with Auces-
cont signals increasing upon G-quadruplex stabilization induced by PDS treatment [130]
and being abrogated in DNase Ireated or Ga-folded oligos-transfected cells [ 130]. Re-
markably, it was revealed that BCH4 foct mostly do not colocalize with telomeres and that
their number peaks in S phase, in accordance with the hypothesis that ssDDNA exposure
during replication favors G-guasdruplex formation [130], In addition, BG4 immunnstaining
wis proven to detect eptoplasmic RMA G-guadnepleses [131]. Although the original study
showrd that BG4 could bind parallel, antiparallel, and mixed propeller G-quad rupbeses
1 it I I._'-I'll. am indrpm!dl.ml' o demonistrated that the .-tingh.-—cha:in a.nﬂh!u:l}- Fn‘."f-
erentially binds paralle]l conformations by EMSA experiments [1532]. A less commeonly
emploved ScFv designed to bind to G-quadrspleses ks D1 Like BG4, D1 was identified by
phage display and it was speafically chosen for s marked binding preference bo paraliel
Gquadruples structures bn ELISA assays, as well as for s clear BG4-like foci signals in
immunofluorescence [133], Co-staining with the tefomere binding protein TRE2 in human
SiHa cells showed thal telomeric repeats were mostly folded in parallel Gquadruplex
assemblies in vivo [132], Inaddition to BG2 and D], the traditional monocional antibody
1Hb was generated using vertebrate and dliate telomeric G-quadrupleses as immuno-
gens [17H4]. 16 was shown to recognize most G-guadruplex conformations in vitro and
to specifically bind folded tetraplexes in immunofiusrescence and immunaohistochemistry
experiments, with an increase in flucrescent signals upon treatment with the G4 stabilizer
TMPyP4 or knockout of G-quadruplex helicase FANCT [134), Despite the possibility of
performing isobype controls in experiments, THS was later found to exhibit cross-reactivity
with adjacent thymines in both folded G-gquadmrplexes and denatured DNA while pot
recognizing G-guadruplex structures bearing less than three adjacent thymines [135], thus
complicating the interpretation of 1HO expedments and casting significant doubt o the re-
sults obtained with this tood [136], Onverall, owing bo 1H& cross-reactivity and sp-m.‘iﬁrihl'
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for parallel Gogquadruplexes, BG4 has been the most frequently used Gquadruples probe
usesd toassay multiple tetraplex conformations at the same tme. This does not exclude the
possibility that BUGA may exhibit a bias towards some G-quadruplex folds over others; thus,
particular care must be taken in not generalizing results. Despite this, BG4 has been used
b adapt several other protocols for G-quadruplex studies In cells. Folded G-guadruplexes
in cells were previously assaved Indirectly by ChlP-seq of proteins known to recognize
such structures [ 114, 137-135], Direct evidence of genomic locl bearing folded tetraplexes in
native chromatin was obtained by BG4 ChiP-seq, which showed that only a small fraction
of the quadruplexes observed in vitro are present in vivo in human cell lines and that
the pattern of folded G-quadruplexes is cell-line- and cell-state-specific 85,140,141 . The
original protocol was based on BG4 incubation after chromatin extraction | 140] but it was
subsequently combined with the CUT&TAG technology toallow in situ BG4 binding and to
increase the signal-to-noise ratio | 142,143]. Additionally, while both assay methods folded
Geguadruplexes across a population of cells, BCE CUT&TAL was adapted to capture
genomic location of guanine tetraplex at the single oell bevel [1244], thus allowing unprece-
dented insight into Coquadruples heterogeneity in a cell population, The advantage of
the adaptahbility and good performance of BG4 in these assays is counterbalanced by the
fact that only this specific single-chain variabbe fragment has been widely used to study
Grguadruplex prevalence in chromatin, In addition to concerns over BG4 preferential
binding to certain G-guadraplex conformations over others, it is important to note that
B specificaty is yet to be thorowghly tested. Usually, the specificity of an antibody for
a ChiP experiment is evaluated in vells depleted of the protein of interest by knockout
or knockdown approaches [ 145], which cannot really be realized with DNA secondary
structures such as Gds [1]. Moreover, G-quadrupleses recognized by BGA in crosslinked
chromatin might not correspond to those actually found in live cells, skewing BG4 ChiP
results even further fromin vive condition and favoring CUT&TAG-based approaches. To
bypass this problem, expression of the G-quadruplex specific probe directly in cells before
formaldehyde treatment should be performed. Unfortunately; this could be difficult with
BCA, iven that the reducing conditions in oytosol and the nucleus prevent the formation
of key disulfide bonds necessary for proper scFv functionality | 146=1458], On the other
hamid, the D1 probe was successfully expressed by transfected SiHa cells to perform ChiP-
seqp [133]. Whike D1 principally binds parallel G-gquadruplexes, a recent study reported the
production of a G-quadruples-specific nanobody that wis expressed in five colls to assay
several Goquadmeplex conformers in native chromatin by CUT&TAG [149], Even though
they are s@ill far from perfect, the use of these probes, together with the more establhished
BCA, shaould yvield o bess biased picture of G-quadruples prevalence in cellulo,

14 Sawll-Molecife G4 Stabitizers and Destabrlizers

Another fundamental tool to study G-quadruplexes in their native environment is
based on small-molecule ligands, Historically, the search for compounds capable of binding
i ganine tetraplexes had been linked o their possible wse in anticancer therapy, given
that telomerase activity was found to be inhibited by Gequadrupleses [15]. Indeed, the
first G ligand to be reported in the llerature, 26-diamidoanthragquinone, was shown to
inhibat tefomerase through stabalization of G-gquadruplexes [150], Since that discovery, the
number of compounds elther specifically designed (o bind G-guadrupleses or repurposed
From other Aelds has grown substantially (for some noteworthy examples, see Figure 1),
Currently, about 3700 molecules ane listed in the G4LDB 2.2 database as G-quadruplex
binders [151,152], forming a structurally heterogenecus group of compounds that mostly
stabilize these tetraplex structures, According to a recent review [152], organic G4 ligands
exhibit multiple planar aromatic rings arranged into three main types of architectures: (a)
fused aromatic polvcyclic systems, (b} macrocycles, and {c) non-fused aromatic systems,
mostly populated by modular G-quadrsplex ligands. The rationale behind maost ligand
designs is the generation of a large planar surface capable of establishing m-m stacking
with the external G-tetzads of the farget (as exemplificd by the NMR-derived structurn: of
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the drug RHIPS4 in complex with a parallel C-quadruplex [154]), together with cationic
groups that form hydrgen bonds directly with the grooves and loops of the tetraples
assembly [155]. Different rules have been established for metallo-organic complexes, a
rapidly expanding group of G-quadruplex-binding compounds reviewed in ref. [15a].
Early chemistry studies had the explicit objective of developing G4 ligands that could
function & antitumor drugs rather than simply studyving these structunes. As an example,
In the 200k, the trisubstituted acridine derivative BRACO-1% was shown to selectively
recognize G-quadruplexes and inhibil telomerase in in vilro assavs, achkeving limited cyto-
towicity in cancer cell lines, partial lnmor enograft regression in nude mice, and inhibition
of the HIV-1 reverse transcription process |157-160]. Similarly, the cationic porphyrin
TMPyP4 exhibited low cytotoxicity while inhibiting telomerase in several human cancer
cell lines [161]. TMPyP4-mediated stabilization of G-quadruplexes in vitro occurred at
slightly different affinities depending on tetraplex topology [162], although its selectivity
towards quadruplex DNA was challenged in some studies [162,164]. Nevertheless, cell
times treated with the drug showed transcriptional downregulation of oo and other
downstream genes in a manner dependent on Geguadnples stabilization [165,166], An-
other family of Gequad ruplex-hinding compounds is that of bisquinolinum derivatives,
wikh its widely wsed member Phen-DO3, T selective binding to Grquadruplixes in vitro
was apparently similar to that of previowsly mentioned compounds and no changes in
affinity to different G-quadruples conformations were reporbed [124,167,168], Inferestingly,
Phen-DC3 treatment of Hela cells nesulted in transcriptional changes in several genes
bearing al beast one sequence predicted o fold into a Gguadruplex [199), suggesting that
the ligand could stabilize these secondary structures in vivo, An sdditional example of G4
ligand widely used in the literature is pyridostatin (PDS). After condirming its selectivity for
huiiman telomeric G-quadreu plexes in vitro, PDS was shown to cause dissociation of POT, a
component of the human shelterin complex, from duplex telomeric DNA [170]. Moreover,
the compound was demansteated o induce DNA damage in cells at genomic sites enriched
for putative G-quadruplex-forming sequences, to reduce the expression of genes close to
DMA damage sites, and to imhibit the growth of several cancer cell lines [ 171,172,

S ¥ o
% i o»

Fgure 3. Chemical structures of G-quadriplex ligands mentioned (n the bext, as retvieved from
PulbsChem [173L such as Braco-19 (CT0: 9808666; hidgs:/ / pubcherm nebl nlmonihogoy /conmpoumd /ol
iHeda), Fhen-DC3 (CT0: d4449504; |'||:|p.- £ pubchesmnchionlomonibogoy feompoand S 44950}, PDS
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PASMITE: haeps:d / pubchemenebl nlmonihgov S compound / 13542977) and B2CZ-3 0CID: 137620645,
It/ pulbre b nebn nleenibogoy A compound /1376206450 PyPDS and SiR have been successtully
fused into SIR-PYy PO | 1740). Carboxy-FDS, while structures of Carboxy-PDS and DACTTA-M2 were

taken from their respechve papers | 1314 ?ﬁ].

A key advantage of small-molecule G-quadruplex ligands is the possibility of using
them on live cells fo explone the effects of etraplex stabilization or to just exploit their ability
to Tecognize folded G4s in native chromatin, Several compounds have been modified or
purposciully designed to function as flusresoent probes in cells, establishing a new way
tovimage Cequadrupbeses without fixing cells and reducing the likelibood of preventing
tetraplex-interacting proteins from hinding the structure, For example, DACTA-M2 has
been recently described as a fluorophore capable of binding G-quadruplex in five and
fized cells [175]. G-quadruplex dynamics with this probe was assessed by Flupneseence
Lifetime Imagimg Microscopy (FLIM} with limited cytotoxic effects [175], Similarly, the
pyridostatin derivative SIR-PyI"DS has been synthesized by tethering the flucrophaore
silivon-riodamine (SiR) bo e PyPDS scaffold [174]. This probe showed specific binding
to sevieral G-guadmples oligimucheotides without significantly inducing G-quadruplex
folding [174], s condition that would have altered tetraplexes in cells and complicate intee-
pretation of resulls, Low nanomolar concentrations of SIR-PyPDS were used o perform
gingle-molecile imaging i live cells, allowing scientists bo study folding and wunfiolding
events of single G-quadrupleses in situ [ 174). Alternatively, click chemistry on G4 ligands
Already inside cells can be used to generate a flucrescent probe, A derivative of Mhen-DC3
was labeled with the fuorophore Cy5 in fixed cells te show drug accumulation in the
nucleus [ 176], while a similar feat was accomplished by linking a pyridestatin scaffold to an
Alexaltuor azide moiety [171], A similar strategy was exploited to capture G-guadmniples-
interacting proteins in cellulo. Two studies reported a screening approach where a small
tetraples ligand is phito-crosslinked to nearby profeins which ane later identified by mass
spectrometry analysis [177,174]. These techniques have proven successtul in identifying
new candidate profeins that modulate Gequadrupleses in native chromating, expanding
the current view of how cells regulate these structures [177,178], Moemeover, the same
approach can be used without musch modification by changing the G-quadruples ligand,
thus allowing researchers o reduce bias and fo target specific nucheic acid structunes or a
subset of their conformations. Indesd, thanks to the avadlability of numerous G-quadmples
structunes showing difterent conformations and topologies, small molecules can be de-
signed and optimized for selective recognition of one or few of the known structures,
enabling modulation and investigation of anly tetraplexes with a specific conformation
to provide insight ko the blological relevance of C-quad ruples: polymorphism. This
strategy was successfully applied for vanows compounds, although target binding for most
of thern was evaluated only in vitro [54,55,179-181]. A successful example is [ZCZ-3, a
carbazole/ imidazole derivative that specifically binds a parallel c-mvc G-quadruplex over
other tetraplex conformations | 152). The compound was shown to downregulate c-nmc ran-
scription through stabilization of its G-quadruples in cells and to inhibit cancer cell growth
by inducing cell cvcle arrest [ 152], On the other hand, optimization of the pyridostatin
scaffold led to the synthesis of carboxyP[YS, which was shown to selectively bind BNA
Gegquadruplexes over DNA tefraplexes in vitro and in cellulo [131,183], allowing precize
imvestigation of the bivlogical role of RNA tetraplexes, Overall, chemical biology methods
to study G-quadrepleses have flourished in the past two decades thanks to an increase in
the available G-quadrupbes structures. Time and time again, small-molecale ligands have
proven fumdamental in inm(.-.sd'iﬁqli,ng quuar]ruphrx pw'\-a!u‘lm and d:\rrl::mi;s-'in Fives 1.'|.,-|lur
which would have been impossible to do with andibody-based methods, Additionally, the
medularity of certaln scatfolds, the possibility of performing click chemistry in situ, and
the rational design and optimization of these probes allowed the synthesis of thousands
of maolecubes, some specifically targeting certain Grquadruplex conformations over others.
This vast collection of compounds was shown to stabilize guanine tetraplexes in vitro and
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im cells, providing new insight mio the effects of albered G-uadruplex dynamics. Consades-
able effort has gone into the analysis and optimization of Geguadruples stabilizing, probes,
thues beaving the interesting avenue of Gd-destabilizing compeunds mostly unexplored. To
date, only & few dregs have been shown to alter and unfold G-guadrupleses; however, the
comclusions dravwn from these experiments are still debated {reviewed in ref. [154155])
Interestingly, one such compound was shown to upregulate c-kil transeription [186], which
wirs previously shown to be reduced upon G-quadruplex stabillzation | 157]. In light of the
possability of investigating the effects of reduced G-quadruplex levels, more efforl should
be devoted to the discovery and symithesis of these conypounds.

A Prevalence of Guanine Tetraplexes in Genomes

After having discovered G-quadruplexes and probed their structure in numesous
studies, the next logical step consisted of understanding where they are found in genomes
and if their position as with a possible function. As explored previoesly, the most steaighit-
forward method used o identifly G-quadrupleses In genomes is based on bioinformatic
prediction. By virtue of knowing the structural requirements of G-guadruples formation, it
i possible o identify which sequences have the propensity to fold into G-quadrupleses
and identify them in a genome of interest. Even the most conservative algorithms for
putative Gegquadruplex-forming sequence (1M025) yiclded more than 375,000 hits in the
human genome [110,111], with more recent strategies taking into account non-canonical
Gequadruplex structures and machine leamning fo improve sensitivity [112], thus increasing
the number of genomic sites that could potentially fold into canenical and nen-canonical
Crguadruplexes. Furthermore, the combination of bininformatic prediction and high-
throughput polymerase stop assavs coupled to next gengration sequencing [121,123]
greatly expandesd the view of G-quadruplex-forming sites in the human genome, revialing
that transcription start sites, S'UTR, and splicing regions have the highest enrichment
of these structures, while comparatively few of these struchures are found in coding se-
quences [121,158, 159]. The rid-seq datasel on the human transcriptome revealed that
Grguadrupleses in mRENA have the highest density in 5 and 3° UTRs compared to COS (in
accordance with Gi-seq data) [123],

Importantly, the same strategy was applied 1o various genomes acroas diverse speches
to provide insight into taxa-specific characteristics and the evolution of G4 motifs, Putative
Cquadruplaves were found to be enriched in gene regulatory regions of several prokaryotic
genomes, indicating a role in transcriptional regulation of specific gene classes | 10=157]
For example, this link was confirmed for the specific case of radioresistance genes in
Demorocrus radiodirans, wherehy upon treatment with the small-maolecule G4 ligand M-
methyl mesoporphyrin (NMM), a drop in target gene franscripbion and in resistance to
radiation was observed [198], Bioinformatic amalysis of human viral genomes revealed
that putative C-quadruplex sequences were found in most virus categories, particularly in
single-stranded genome viruses, with the dsQNA Herpessvndar family being a notabrle ex-
ception [199]. An example of the functional rebevanee of G-quadruplexes in viral genomes
was provided in a reporter assay of POS-containing hurman cytomegalovirus (HOMY)
regulatory sequences, where chemically Induced G-quadruplex stabilization resulted in
transcriptional suppressson of some of the tested viral promaoters [2000], sugpesting that
these secondary structures can be wsed as targets for specific antiviral drogs {reviewed
in gl [200, 202 [0 Interestingly, a fraction of the predicted GA-forming sequences from the
unicellular eukaryote Saccharomyces cereisiae was found to be conserved in other fungal
species [ 23], with these sequences being enriched in promoters, telomenes, rDNA, miDNA,
and sites of frequent double-strand breaks [202,20:], In contrast, among several plant
species, the prevalence of potential G-quadruplex-forming motifs shows great variability,
with the highest density observed in monocots and Ivcophytes compared to dicots and
bryophytes {althoagh this could be due to the difference in GC content bebween plani
genomes) | 205]. Moreover, G4 motifs with stretches of two guanines are strikingly more
abundant than the standard G sequences, and putative Gequadruples location dramati-
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cally favors intengenic regaons over coding regions [205,200]. Diespite this, about a fitth of
annetated Armtidopst penes harbor at least a putative G-quadruplex in their promater, as
well s 68% of gene models (e, all possible ORFs, including splice variants) [206], while
in Zea smarys, enrichment of Gd motifs was found 1o be pacticulary high in the proximity
of the transceiption start sibe [217]. Thus, the possibility of G-quadruplexes regulating
gene expression at the transcriptional or post-transcriptional levels in plants cannot be
excluded. Similarly, several metazoan specles reportedly show a significant proporetion of
annotated genes with putative G-guadruplex-forming motifs found in the I kb upstream
region |206], although the gene fraction in representative genomes from warm-blooded
animals was much higher than that from cold-Blooded animals [209]. A more dramatic
difference between these animal groups was also reported when considering the frequency
of pradicted G-guadruplexes ina 1000 bp window arownd the transcription start site [209].
These findings were later confirmed and expanded upon using an optimized C4-seq proto-
col, which showed that sequences that can fold into G-quadruplexes in near physiological
conditinns are more commaon in promoters and 5 UTHEs in human, mice, and Trypariosoma
genomes, while these observed Gequadrupleses ane not significantly enriched in O, #le-
gans, 1, rerie, or 2, melaregaster [122], Overall, pattern-matching algorithms for putative
Ceguaddruphes searches rovealed that these structures are widespread across evolutionarily
distant genomes, in all domains of life and viral species alike. These studies show that
the overall Ggquadruplex density between genic and intergenic regions changes signifi-
cantly acroes baxa [122], as does the G4 motif, particubacly in loop length and variability
of the core sequence [122,205 208]. Despite this, multiple réports underline that putative
Grguadruplexes, a5 well a5 assemblies validated by Gd-seq, are present at a significant level
in gene regulatory reglons, although the extent of this enrichunent is extremely varlable
across taxa [122, 190, 199,204,205, 208, 109 ). Importantly, one study [208] found that the lo-
cation of putative (4 sequences shifled from evenly distributed to clustered at different
chromosomal Ioc from basal eukaryotic species to higher organisms such as humans and
Gallus gailis. Moreover, G4 motifs within the 2 kb regulatory region upstream of genes
tended to accumulate across evolution in loci coding for ranscription [actors. This sugrests
that, during the cvolution of cukaryotic specics, G-quad ruplexes gradually acquired a
relevant function in gene expression regulation, particularly at the tansoriptional level,
and, therefone, Goquadruplex-forming sequences were slowly concentrated at stratogic
regulatory regions close o genes. The fact that genes coding for transcription fckors
show an abundance of putative G-quadruples sequences [208] would then explain why
Crguadrupleses have been linked to the wide variety of biological functions [20#], which
willl be discussed in a later section. In the literature, various cases of specific G4 loc that
ans P]'\J.'luﬁpnul‘.in:‘&]]}- eniserved have been fl,-]:m‘ted. Ta rl.-pu.'lrl: SUNTE i:'xa.mp|ﬂ,a walleluted
Gl locus in the RIFBT gene coding for the large subunit of RNA polymerase I has been
found o be comderved in the Archaeplastida plant supergroup [210]. Addibonally, a G-
quadruplex-forming sequence was found in the SUTR of the NRAS proto-oneogens's
mBMNA In at least six different mammalian speches, wherse it may have a role in ranslatlional
regulation [Z11]. To sum up, G-quadruplexes are a feature commaon bo all genomes analyzed
s0 far, ivespective of species complexity. Moreover, these structures do not appear Lo hawve
been selected against during evolution, but rather were progressively co-opted, likely to
serve as a new layver of gene expression regulation.

5 Recognition and Modulation of G-Quadruplexes in Cells

As menticned previously, only a small fraction of all sequences capable of folding
inte G-guadruplexes actually forms tetraphexes in vivo [25] Indeed, the cell type and
differentiation state are correlated to a different G4 repertoire [ 147,141]. In addition, since
G-quadruplexes are not under negative evolutionary pressure (o be eliminated, they have
likely been domesticated to perform some kind of biclagical function [205), This implies
that the cell must be able to recognize these structures and induce their folding or unfolding
whan and wheme needed. G-quadruplex polymorphism may thus be biologically relevant,
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mieanimg that cells would be capable of discriminating between different tetraples topole-
s and conformutions. [t s therefore not sarprising that a large number of probeins have
been discovered that are capable of G-gquadruplex binding.

1. Approaches fo Identify G-Onadruples-Bending Proteis

Amuong the several strategies that have been used for the identification of tetraphex-
binding protemns, the most commam nelies on affinity pull-down of cell extracts using DNA
or RNA Geguadrupbes oligonucleotides [212-214]. This approach beavily depends on the
type of bait being used and cannot capture protein-binding events that are modulated by
Aanking sequences of e chromatin context. These issues have been partially addressed
with the development of co-binding medisted profein profiling assays, where proteins inter-
acting with G-quadruplexes in nathve chromatin are identfied through photo-ceesslinking
b G4 specific probe [177,175] On the other hand, an alternative indirect method con-
sists of identifving proteins whose binding sites, assessed by Chil, contain a putative
G-guadruplex forming sequence [137,215], However, additional assays are required to
validate the actual binding to folded G-quadruplexes rather than the cosresponding dsDINA
sequence. A third bype of screening is based om bioinformatic analysis of protein sequences
from a wide collection of previously identified tetraplex interacting proteins o reveal
commaon motifs, A recent study highlighted the enmichment of RGG motifs in Gd-binding
proteins [216], which was shown to mediate interaction with the nucleic acid structure
through hvdrogen bonding and m-stacking provided by key arginine and phenylalaning
restdues [117]. The authors propese that putative G-quadruplex-binding proteins could
b mome rapidly identifisd thrmogh the presence of the BGG domain in their sequence.
Although compelling, this approach heavily rebies on a specific protein domain to predict
Grguadruplex binding of uncharacterized proteine. Considering thw curment state of G-
quadruplex—probein interactbon studies, it s safe o assume that new domains and motifs
will be identified as mediators of tetraples binding i the futune, bading to less Blassd
predictions. Nevertheless, candidate protein-Gd binding must be confirmed in in vito
assays, while the biological relevance of the interaction should be explored via protein
depletion or overexpression in cell lines or other biological systems.

5.2 Esdplivabeed ﬂ-ﬂmnfrupff:-ﬂurdmg Protrins

Asof 26 Febsuiry 224, the GAIPD database fof G-guadraples ivteracting peoteins [215]
(available at hitgs:/ St ac in/ people/ —amitk /Bsbe Sipdb /index. php, accessed on 26 Febru-
ary H24) lists about 60 and 40 entrtes that recognize DNA and BNA G-quadruplexes,
respectively. This collection of factors was demonstrated to either stabilize or destabilize
the tetraplex structure (reviewed in ref, [219] and visually grouped in Figure 4). The lai-
ter is mainly performed by G-quadruplex-unwinding helicases {reviewed in ref. |220]).
Among these, the mammalian Rec helicases WRN and BLM have been studied for
more tham two decades. Both proteins were shown to unwind both dsDNA substrates,
as well as G-quadruplex forming oligos in vitro in 37 to 5 directionality and in the pres-
ence of AT, provided they have a centrally located s=DNA region and a short 3 ssDNA
overhang [221-224]. In a single molecule FRET assay, the mechanism of BLM binding to
the substrate was found to involve both the ReoQ Coterminal (ROC) and Helicase-RNase
[} C-terminal {HREC) domains, with the latter recognizing the ssTN A region and aiding
ROC binding and unfolding of the G-quadruplex in an ATP-independent manner [124]. In
anpther study wsing smFRET, it was demonstrated that BLM could recogrize and wnwind
substrates regardiess of tetraplex conformation, while WRN was shown to selectively
destabilize only telomeris G-gquad ruplex substrates [53]. Helicases ane not only involved
in medulation of genomic Gguadrsplexes, bl also process RNA fetraplexes {feviewed
In ref. [225]), as in the case of DEAH box protein 36 (DEX36). Also known as RNA heli-
case assoclated with AU-rich element (RHAL) and G4 Resolvase 1 (GAR1), the helicase
unwinds both ENA and DNA Gis in vitro [226]. Tt was found to selectively recognize
parallel tetraplex structures through its short M-terminal domain interacting with the
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expused hydrophobic surface of a lerminal G-tetrad and electrostatic interachions with
backbone phosphate groups [227,2258]. Mechamistic analysis of DFXG36 activity revealed
thist it requires boading on a ¥ ssDNA overhang and then progressively unwinds substrabe
Gis Ina 3" to 5" directionality through ATP hydrolysis, similar to other DEAH-box heli-
cases [239], Owerall, BLM, WERN, DHX36, and all the other G-quad ruplex hellcases have
been found to destabilize guanine tetraplexes in vitro and in vivo, where the unwinding
activity has been linked to DA replication and gene expression regulation. Indeed, it has
lomg been hypothesized that G-quadruplex formation in the template strand would induce
DA or RNA polymerase stalling, leading to downregulated gene expression | 290-232)
and genome instability |233-235]. These consequences will be discussed extensively in
following sections,

Figune 4. Classes of DINA G-quad ruples binding, probeins lsted in GHED,

Besides hellcases, other proteins partclpate in G-quadruplex binding and regulation.
A curious example 18 nucleolin, a multifunctional phosphoprotein commonly found in
nuclenli that was shown to bind and stabilize G-quadruplexes in the c-myc upstream
regulatory elernent MHEI [236]. Interestingly, nucheolin binding in vitro was shown to
be dependent an the presence of at least one long loop (more than 3 nt) in the structure,
independently of the underlying sequence or tetraplex conformaticn | 52]. This suggests that
the chaperone activity of nucleolin towards G-quadruples-forming sequences is targeted
mainly or exclusively at those loci where these long loops are formed [236], Moreover,
nucleolin-mediated stabilization of G-guadrupleses was reported to stimulate or inhibit
transcription of ¢-an novitro [236,237], and VEGF in vitro and in vivo [238], two genes
containing guanine tetrapleses in their promoters. Nucheolin s not alone in stabilizing
Crguadrupleses; LARK and apurinic/apynimidinic endonuclease 1 (APELD were found
tor participate in Gequadruples folding and stabality, a function that was dosedy ted to
I:rnnrun-ipl:l'l.mnl rrgul.u{'ig;lh Il'i'-C'.:'-l':?i. Bassiclios |!|'n11:u:ri|:|tinml mnclulatiaon, ﬂ-qun.dmph-x
stabilization is invedved in telomere DINA madnbenance.

Mot all G-quadruplex-binding proteins mainly funcion o regulate the stability of
these: secondary structures. An increasing proportion of these e recruited al G-quadruples-
forming sites through direct binding to the tetraples o perform thelr molecular functions
ot other proteins or on nearby nucleic acids. For example, the telomeric repeat binding
protein TRE2 was shown tobind simultaneousty telorveric dsDNA and tetraplex telomeric
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REMA TERRA m vitro, opening the possibility of TRF2 hanctioning in vive as ghae bebwoeen
the two and mediating TERRA localization in telomeric DNA [241]. Moreover, in vitmo
binding assays showed that theee human DNA methyliransferases (DNMT1, DNMT3A,
and DNMT3B} could selectively bind o G-quadrupleses [242], while DNMT1 cccupancy at
chromatin sites dn K562 cells was revealed o be enriched at hypomethylated G-quadrplex
forming sites, as evaluated by BGA ChiP-seq [243]. Based on these results, the authors
propoesed that folded G-quadruplexes in chromosomal DNA sequester DMMTE, Inhibiting
i1z activity and protecting nearby sequences from methyvlation | 243]. While this inhibitory
mechanism 5 yed to be demonstrated in vive, this compelling evidence links guanine
tetraplexes toepigenctic regulation through protein recruitment at folded G-quadruplexes
in the genome, a topic that will be discussed further in a later paragraph.

To summarize, a wide variety of proteins has been shown to physically interact with
Geguadruplexes, both in vitro and in vive. A large fraction of G-quadruplex-interacting
proteins identified so far regulate the stability of the structure by actively unwinding it
or promoting its folding, showing that the cell is copable of regulating G-quadruplex
dynamics acconding b its needs. Interestingly, recent gtudies have revealed the existonce
of proteins that function as Gequadruples nsaders, in that they bind selectively to these
folded structures bo comcentrate their activity at specific genomic regions. The coll's ability
b modhulate and recognize its guanine tetraplexes in a conformation- and fopology-specific
manner confirms that these are bona fide structures in nocleic acids [E s important to
nivte that o deeper understanding of G-quadruples biology relies on the identification and
charactertzation of new G-quadruplex-interacting proteins. Several proteome sereening
rmethods have been developed to expand the list of these proteins, each with s own
advantages and drawbacks. As new G-interacting profeins are identifted and stisdied, our
understanding of G-quadruplex binlogy will inevitably change. As of now, hypotheses
and models on the functions of letraplex assemblies inevitably paint an incomplete picture,
which is, however, constantly and rapidly updated as more research is performed In
this area.

6. Physiological and Pathological Roles of G-Quadrmiplexes
6.1 G-Chumdrupiexes in Transcriptional, Post-Transcriptional, and Epigenctic Reguliafion

Having established that C-quadruplexes are biologically relevant, the main func-
tions they are involved in will be presented and are recapitulated in Figure 5. One of
ther most extensively studied arcas in this context is transcription. As carly as the start
of the millennium, G-quadmnuplex invalvement in tanscriptional regulation of oncogenes
was identified [ 106, Additionally, as presented previously, the first computational predic-
tions of guanine tetraplexes from newly sequenced genomes revealied that these putative
Gid-forming sequences wene abundant in gene promoters [110,111]. This featumne was
confirmed in BG4 Chil-seq experiments [55,141,244], further strengthening the link be-
tween guaning tetrapleces and transcription. The original molecular model considered
folded Cequadrupleses simply as obstackes to RNA polvmerases, thus causing a reduc-
tion bn transceipt levels. This ldea was builk on datas from in vites frandcrption assays
showing RMA polymerase arrest when clongating G-rich or G-quad ruplex-forming tem-
plates [245.246]. Although this model was reinforced by the demondtration that genes
bearing G-quadruplexes near their transcription start sites were downregulated upon G
stabilization by small-rolecule ligands in cells [ 165,166,1587,247], this could be the result of
indirect consequences of global guanine tetraplex stabilization [245,249]. Over the vears,
the role of G-quadruplexes in transcription has been expanded greatly, painting a more
nuanced picture of where G-quadruplexes exert transcriptionally stimulating or silencing
effiects in a context-dependent manner. A key finding was the characterization of transcrip-
tiom factors that bind folded C-quadruplexes and thus could be recruited at certain genomic
sites [215,250-252]. Moreover, folded Gds as detected by BG4 ChlP-seq in HaCaT cells wene
almost exclusively found in nucleosome-deploted regions of genomic TEINA [55], a chros
miatin feature that i common at cukaryotic ranscription staet sites and that more broadly
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muosdulates EINA accessibiality t ranscription fackors (meviewed moref. [253]), Although a
clear causal link has yet to be established, it is possible that G-quadruples formation at se-
lected genormic sites prevents nucleosome assembly, hinting at another mechanism of gene
expression regulation by these secondary structures [254]. Crverall, while Cquad ruplex
imvolvernent in all stages of transeription has been extensively reported and several poten-
tially compatible models of the underiying mechanisms have been proposed, solid evidence
of direct modulation of chromatin states by guanine tetraplexes ks lacking. Nevertheless,
exploration of the trarscriptional rode of these structures s currently undervway, especially
considering the clinical importance of this mechanism.
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Figure 5. Cellular robes of G-quadruplexes. Thanks to their capability to distort the nucheis aced
struicture and b inberact with a plethora of predeins, G-quadrapleses hive been ascribed a ol insev-
eral key cellular processes, comprasing, bul nok limited to organtzation of chromatin in topologically
Midtin[_.; dommains (TADS) [a), dL-Fl:uiﬁm of nm-npll:,uri\'n histone variant (b, inhibition of DRA
and EhA muocleases (), ﬁring of rq:lliml:im v;lri:s:i'n dy, imhibitiom of rr.pl:ic.nrinn and 'I:'an.u:r.ipli:m el
rogulation of tmrucllip!.i{m F), BN A maturation {E:l. rqgul.ﬁumnftrannlaum {h, and formation of
BMA stress granales (1)

The role of G-quadruplexes in gene expression regulation is not limited to franscription,
ag evidence of their invelvement in ENA Biology and translation has been reported [2,255]
Although mainty studied in the context of mRMA, G-quadmipleses have alse been detected
in diverse classes of non-coding BNAs, such as IncBNAs [256)], pr-miRMAs [357], and
piRMAs [255], Guanine tetraplex assemblies have been reported to play an important
role in pre-mBENA maturation, particularly in the context of alternative splicing, as shown
for FM1, pa3, and hTERT primary transcripts [259-262], 1F has been demonstrated that
Gequadrupleses recruit splicing Factors, such as hnBNPH [267] and haRNPEF [204], and that
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global destabilization of RNA guanme tetrapless results in widespread splicing denegrula-
tion [265]. Besides mBENA maturation, its positioning within the cell @ alse regulated by
Gils, for example, functioning as a signal tor neurite fargeting of selected ranscripts [266]
Another intriguing example &5 their involvement in phase separation, a5 structured G-
quadrplexes in COORFT2 mRNA were found o induce stress granule assembly [2657].
Similarly, a recent study by Wang and Xu demonstrated that short RNA molecules bearing
CGG or telomeric repeats aggregate into solid state focl, both n vitro and In vlvo, through
the formation of Intermolecular higher-order G-quadruplex structures [265]. Furthermore,
BMNA G-guadnuplexes have been shown to have a direct effect on translation itself, for
example, by preventing recruitment of the 435 ribosome and reducing translation efficiency
unless unwound by the translation initation factor elF4A [269]. Another mechanism that
has been reported in the literature is translational repression of mENAs harboring rG4s
that induce ribosome positioning at wl¥Fs [270]. Inone of the first instances where this
phenomenon was shserved, the ENA Goquadruplex in the 5'UTE of NRAS was shown to
inhibit translation of a reporter gene in vitro [217], To generalize, tetraplex assemblies in
5'UTHs of mature transcripts have been shown o modulate transkation: rates, albeit in a
context-dependent manner rather than based solely on sequenee or 30 structune [277],

Another laver to gene expression regulation where G-quadnapleses have been im-
plicated i in chromatin organization and epigenetics (reviewed innef, (6]} As discussed
previously, Gds are enriched in nucleosome-depleted regions of transcriptionally active
s, suggesting a role in nucheosome posiioning. This concept has been explored in the
context of epigenetic heritability during DNA veplication, where chemical G-quadruplex
stabilization was tied to loss of H3K4med and subsequently addition of methylated cv-
tosknes. This epigenetic reprogramming was maintained throughout cell generations and
was shown o directly repress transcription of nearby genes [272], Non-replicative histoms
deposition is also influenced by G-quadruplexes through recruitment of histone chaperones,
as has been demonstrated for ATRX-mediated deposition of H3.3 at telomeres | 114,273 and
the removal of the HZA-H2B dimer performed by G-guadruples-binding nucleclin [274].
Moreover, histone post-translational modifications can be modulated in a G-quadruples-
dependent manner through the recruitment of histone modifving eneymes at sites of folded
Gequadruplexes. Besides the cazes of DNMTL, 3A, and 38 [242.243], which were explored
im @ previows section, this has additionally been shown by Gd-medisted rocritment of the
LS ~CoREST comples at the hTERT gene promaoter, whiere it catalyzes the demethylation
of H3k4,/9 [275]. On the whobe, multiple stadies have directly or indirectly linked folded
Grguadruplexes to chromatin remodeling and epigenetic factor necruitment to affect local
chromatin structure. In recent vears, it has been suggested that the concept of guanine
l-r.-l:mplem:ﬂ- F Y F!‘l.1h:|r| recridtment hiibs could also be n:h.p.tr!d.cd b clude Iq;ulatlm'l af
lemg-distance chromatin contacts, particularly pertaining to distal promster—enhancers in-
teractions [249]. The valldity of this hy pothesds was strengthened when the combination
of BGA ChiP-seq and chromatin conformation capture data rovealed an enrichment of
folded G-quadruplexes at lopoloegleally associated domain (TAD) boundarles [276], which
correspond o regions of gDNA that are distant in linear sequence but are found Lo be
closely associated in the three-dimensional orsganization of chromatin thanks Lo the DA
Iooping factors cohesin and CTCFE [277,275]. Furthermiore, binding sites of several anchi-
tectural profeins were enriched in G-guadruplex-containing TAD boundaries, pointing to
G-guadruplex-dependent loop formation via their recruitment [276], These correlations
were confirmed by Li and colleagues in a 2021 paper, whene the transcription factor and
DA fooping profein YY1 was shown tebind G-quadruplexes incells and dimerize to gen-
erate long-distance chromatin contacts partly due to goanine tetraplexes o then mediate
gene expression regulation |279],

Owverall, Gequadraplexes have bren implicated in both transcriptional and post-
transcriptional respulation by a variety of proposed or demonstrated mechanisms, making
the original claim that these stroctures work simply as physical Blocks to RNA polymerase
obsodete, While more data on the native context of these processes are needed to Githfully
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explore G4 invoalvement in gene expression regulation, it can be nonetheless stabed that a
critical thomgh not exclusive component of their rbe relses on eoruiting proteins (transerp-
ton Factors, splicing factors, translation factors, efe) in selected genomic or RMNA reglons.
This highlights further that understanding G-quadruplex biology at a deep level necessarily
requires the identification and characterization of Gquadruples-binding proteins.

.2 Fpoct of G-Chamdragleres om DN A Replization

As for other non-canonical secondary structures, the presence and dynamics of Gds
i muchede acids have a significant impact in the context of DMNA integrity and replication
{reviewed in ref. [280]). As mentioned earler, daDNA unwinding during transeriplion or
replication exposes single-strand DNA, favoring G-quadruplex folding, which creates ob-
stacles b DNA polymerase progression, & shown i in vitro pelvmeease stop assays [2E1].
The concepl of guanine tetraplexes causing DNA. polymerase stalling in vivo has been
strangly hinted at in numerous studies, with the underving molecular mechanksms and
the strategies adopted by biological systems to prevent and resolve these blocks being
hypothesized or experimentally proven. Evidence that folded guanine tetraplexes induce
replication fork arrest in vive has been described in various biological systems, ranging
from X. leeris egg extracts [152] bo 5. cermnsine yeast cells [139], a patient-derived cell
lina {254, and whiole C. elegans animals [ 287]. The common observation of all these studies
i= that DM A replication is negatively affected by the presence of these secondary DA
structures. When cells are unable to unwind Gequadruplexes or resume replication fork
progression, DNA deletions were observed, with sizes ranging from 60-300 nt (similar
o Okcazaki tragments) [253] to up to 8 kb [234]. In mechanistic explorations of this phie-
nemenon, G-gquadruplex-unwinding helicases are often implicated as critical factors in
resolving the tetraphe and avoiding replication fork stalling [1759,252] Additionally, dedi-
cated DNA polymerases are specifically recrutbed at the stalled fork to resume elongation
dvwnstream of the folded structune. This has been shovn for REV [284] and PrimiPaol, the
latter having G-quadnuples-binding ability in vitro and being able to reprime the template
downstream of the guanine assembly [285]. However, when these factors are depleted or
inactive, the G-quadruplex bevomes an obstacle to replicative fork progression, leaving an
exposed ssDMN A stretch that eventually generates a double-strand break [246, 287 Similarly,
chemical stabilization of G-quadruplexes using the ligand pyridostatin was correlated to
induction of double-strand breaks as evaluated by neutral comet assay [171 ] Moreover, it
wis reported that a singhe unresolvied G4 remains stable throughout mitosis and is inherited
by daughter cells, which, when undergoing 5 phase, use the same G4-containing strand as
a template and thus ane exposed to the same type of DNA lesion [286],

Having just explored the negative influence of folded G-quadnuplexes on replication
fork progression, it may be surprising to learn that tefraplex assemblics were shown to
participate in replication erigin firing in cukarvotes, Indeed, deep sequencing of short
nazcent strands (SN5s) in human cell lines movealed that active replication origins are
enriched at transcription start sites of Cplerich promoters. Importantly, most of the
identified origins map to sites of putative Ge-quadnuplex-forming secquences (POS), with
POS density and origin efficlency showing a positive correlation |2858]. Confirmation of a
causal relatonship was obtained by studying arigin firing inoa normally late-replicated locus
whaere the POS-containing chicken ph origin was inserted. In this genetic background, the
transplanted origin induced an enrichment in SNS signal while replication Hming remained
unaffected. Moreover, point mutations that destabilized the predicted G-quadruplex
caused a drop in origin firing efficiency, disectly tving folded tetraplexes o replicon activity.
Importantly, G4 orientation in this system determined the direction of the replication
imitiaticon site [ 289], consistently with previous observations of SNE peak enrichment within
200 bp 3 of a POS [240]. Although these results established that G-quadruplexes regulate
origin activity in metazoans, the molecular mechanism behind this phenomenon remains
obscure, Currently, three main hypotheses have been proposed, using models of replication
start sites derived from veast studies as a toundation. Firstly, it has been observed that
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origins are ennched in nuclevsome-depleted megons [297,202], a chromatin feature that
has also been associated with Gerquadrupleses [55293] falthough the causal relationship
is vet to be defined). Another possibility lies in the fact that folded G-quadrupleses may
function as recruitment hubs for factors invalved in the initiation of replication. Indeed, the
human Origin Recogntion Complex (ORC) was found to specifically recognize tetraplex
assemblies in KENA and ssDNA [Z2]. Furthermore, it is possible that G-quadruplex-
unwinding helicases are recrubted in folded tetraplexes near eukaryotic orlgins in order
to remove the guanine assemblivs and later unwind dsDNA to allow DMNA replication o
begin. This model would explain why folded G-quadruplexes determine the position of
origin firing, since helicases have a defined unwinding directionality [250]. Overall, the
idea that guanine tetraplexes play a robe in replication origin activation and in determining
the directionality of the initial dsDMN A denaturation is intriguing. This pheromenon is in
contrast with the simplistic notion that these seoondary DN A structures are simply obstacles
to DA Teplication; instead, it highlights a more nuanced function in the wider context
of genome maintenance, Further research is needed to clucidate bow Cequad rupleses
contribute to replication origin firing at the molecular level, particularly with regards o
protein factoms that are selectively recruited at those sequences.

6.3 G-Chundrupleres and Hie DNA Damige Response

Understanding how cells repair lesions cavsed by Gaquadrupleoes is important to
comprehend and predict the consequences of impaired G4 removal, In general, the threat
DA besions pose to genome integrity is aveided thanks to @ complex system where the
wide variety of repair pathways ane specifically activated at damaged genomic sites through
the DNA damage nesponse (0R) (reviewed in ref. [295=2598]). In maost mesdels of DDR
processes, the DA lesion is represented as a signal that is detected by sensor proteins
{upstream phosphoryvlation events), which then directly or indizectly ransduce and amplify
the signal o activate o wide variety of effectors fo eficently repalr the damage or activale
cell cycle arrest and apoptosis when that is not possible. The DDR signaling cascade is
extremely complex in human cells; bowever, it is worth mentioning & few of its key plavers.
Three phosphoinositide 3-kinase (PI3K)-related Kinases (PIKKs) are principally involved
In inktiating the signaling cascade in eukarvotes: Alaxia-Telanglectasia Mutated protein
(ATM), ATM- and Rad3-related protein {ATR), and DN A-dependent protein kinase (DNA-
PK). Although acting in slightly different scemarios, all three apical kinases are specifically
recruited at sites of DMNA damage by the co-factors NBSI (a MEN complex component),
ATRIP, and Kull, respectively. After antophosphorylation and other activating modifi-
cations, PIKKs trigger the signaling cascade by phosphorylating a wide range of targets,
thus transmitting the signal fo eventually activate terminal effectors. Among the earliest
temporally, H2AX phosphorylation at Serl 39, principally mediated by ATM at IS8 sites
and referred to as yHIAK, isa obust marker for DMNA damage in cells [299.900), H2ZAX is
a variant of fhe cononical cone histone H2ZA that is central to most DDRE pathways in that it
sustaing DI signaling and spreads o nearby chromatin to organize an efficient response.
In the literaturne, yHZAX has often been described as a recruitment hub for several DNA
damage-response proteins, 45 has been shown for BRCAT, PSIBP and MDCT [301-403]
This serves as both 4 mechanism o locally increase the concentration of repair Eactors
at sites of DNA lesions and tether broken DNA ends together, as well as for generating
a positive feedback loop o further enhance DDR signaling. Moreover, the response is
articulated so as bo activate cell cycle checkpoints and stop its progression. ATR and ATM
phesphorviate the checkpoint kinases Chkl and Chi2, respectively [304,305]. Both effector
kimases target the protein phosphatase Cde25A and induce its degradation, thus preventing
removal of inhibitory phosphates fram CDE2 [306,307]. Crucially, both ATM and ATE were
shown to directly or indirectly stabilize the oncosuppressor pi3 [3=-31 1, which then up-
regulates genes involved in cell cycle checkpaoint activation and apeptosis, Overall, through
activation of apical kinases, DDR signaling triggers a multitude of parallel and partially
redundant pathwavs to efficiently achivate the appropriate DINA-repair pathway and coor-
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dimate a cell cycle arrest and apoptotic response o preserve genome inbegniy. The systemn
is particularly robust since inactivation of & single pathway does not generally prevent the
achivation of mmany others with samilar outcomes. However, an mereased DN A lesson rabe
caused by the inability to remove obstacles to polymerases, such as stable Gquadrapleses,
would increase the burden on this system, uldmately resulting in chromosome fragility.

I & 2014 paper, a'dedicated DN A-repair pathway was implicated in the processing
of damaged DNA resulting from failed G-quadruplex removal in C. elegans. According
to the authors, the resulting double-strand break is repaired through single-nucleotide
micro-homology and subsequent extension performed specificatly by DINA polymerase B,
resulting in small deletions [257]. In addition, the presence of G4 structures can influence
DR A-repair processes. For example, in the procdmity of DSB breaks, thtse structures can
inhibit ends processing, altering the balance between the Homaologous Eecombination
{HR) and Non-Homologous End Joining (NHE]) repair pathweays [312.313]. Furthermaore,
Gequadruplexes promote genomic instability when combined with R-loops on the oppo-
site DNA strand, forming a G-loop [75]. 1t has been shown that global G4 stabifization
in a canger cell line using two chemically distinct compounds leads to activation of the
DA damage response, as evaluated by H2AX and ATM phasphorylation, as well as
RADST and pS3BRET mockear foci Formation [114], Interestingly, the same study reports
a concomitant increase im B-loop levels 2 to 10 min after treatment with G4 stabilizers,
showing that overespression of RMase HI in this system abrogates DN A damage indiction
as indicated by stable levels of YHZAX [314], Althowgh the molecular mechanism behingd
Grloop-dependent TENA lesions has vet b be elucldated, the authors propose that the
stabilizing effect G-yuadrupleses have on R-loops could increase the risk of transcription—
replication conflicts or of activating a recombination pathway that produces double-strand
breaks [314,315], Overall, guanine tetraplexes have been shown to block ERNA (and RNA)
pelymerases in DNA replication and transcription, thus increasing the risk of damaging
DA [233]. Several factors have been discovered that prevent G4-mediated instability
through tetraplex unwinding, repriming, or translesion synthesis. However, when one
of these structunes cannot be removed, DA lesions are formed through a vet undefined
mislecular mechanism, thercfore activating DN A damage-repair and recombination path-
ways, Research in this area is focused on precisely dissecting how Gd-dependent DA
hesions are formed, as well as on analyzing the pathways that counteract genomic instability
induced by guanine ebrapleses, Aberrant responzes to tetraplex-induced DNA damage
are particularly relevant in pathelogical conditions, a concept that will be explored later in
this review:

trd G-Chundrupiexes in Telomeric Regiomrs

It is notewarthy to consider that the earliest studies on CGequadrupbeses were focused
on telomeric sequences, Telomeric 1IN A is located at the ends of eukaryotic chromosomes
and one of its defining features 15 the presence of short species-specific Gerich tandem
repeats. Importantly, in erder to prevent improper recombination events throwgh chro-
rmosme berming, telomen: ends are profected from DNA damage-repair probeins. In
vertebrabes, this Is achieved through the formation of T-loop structures, consisting of the
sl A S overhang invading an upstream tebomenc repeat dsDNA thanks to the shelterin
protein complex [516] Owing to the presence of repeats tich in guanines, several three-
dimesnsional struetures of telomerie G-gquadmiplexes have been reported in the Bterature.
These studies originally used ciliate telomeric repeats, but have since been expanded to in-
clude human tlelomeric sequences [ 18,117, 315], Eventually, telomeric DNA G-quadruplexes
wete observed in cells thanks to BG4 and D1 immunostaining [ 230, 133], prompting scien-
tists to study the influence of these secondary structures on telomere biclogy. Indeed, il was
found that a collection of telomeric proteins can recognize folded G-quadrupbexes, namely,
Rifl [178] and the shelterin component Telomeric Repeat-binding Factor 2 (TRF2) [241].
When G-quadruplex impact on telomere end protection was explored, it was discovered
that folded tetraplex assemblics provide weak telomere capping through recruitment of
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Crquadruplex-binding telomeric protems [219]. In addition, DMNA and BNA Gds were
showen to participate in telomeric chromatin maintenance through recruitment of the human
TLS/FUS protern, which then regulates local levels of H4K20me [1200], Besides their impact
on tebameric chromatin structure, Gguadruples levels modulate telomere lengthening pro-
cesses. Part of the driving force behind research Into G-quadruplex Biology orginated from
early evidence that folded G-quadruplexes inhibit telomerase sctiviby [13,150]. Importantly,
the effect on telomerase ks topology-specific; Intramolecular antiparaliel G-quadruplexes
effectively block enzvme activity [13], while intermolecular parallel tetraplexes can be
resolved and extended by telomerase [321]. Furthermore, as observed for non-telomeric
DAL unusually high levels of folded G-quadruplexes hamper DN A roplication through
telomenes, In fact, telomene shortening and fragility was observed i colls depleted from
the G4 unwinding helicases BLM, WRN, and ETEL1 [322-324]. To further support the idea
of G-gquadrupleses as genome instability factors at telomeres, treatment with a collection
of small-molecule G4 stabilizers results insimilar phenotypes [225,326], which are further
exacerhated when performed on cells with reduced G-guadruples-urwinding capabili-
ties [327-328], Owerall, folded Cogquadnuplexes have been shown to work as important
structural elements in telomeres, possibly providing rudimentary felomere end capping
and functioning as protedn recnsitment hubs to shape belomeric chromatin, Crugially, the
three-dimensional structure of guanine tetrapleses determines their effect on telomerase,
showing that structural polymorphism has biological significance. Furthermare, elomens
replication and lengthendng ane negatively affected apon loss of regulation of Gquadruples
levels, inducing gemome instability similasly o the roadblock model that was explored for
DA replication and trenscription.

fr 5 CoChmdruplenes in Faemurn Disedse oed Therapy

Asjust explored, G-guadruplex formation and dynamics have beess connected o a
rumber of cellular fusctions. [t is therefore possilbsle that abnormally high or low levels of
puanine tetrapleses ina cell lead o deregulation of key cellular processes, a scemario that
can be pathological if the effects exceed the wolerance of an organism. Indeed, a colbection
of disease-causing genetic mutations have been shown to increéase the mumber and /or
stability of G-quadraplexes at specific lock, A notable example is the GGGGCC tandem
repeal expansion in the first intron of CRORFZ2, which has been characterized as the most
comimon mulation in the neursdegenerative disorders Amyotrophic Lateral Sclerosis (ALS)
and Frontotemporal Dementia (FTD) Whike healthy individuals possess no more than 23 re-
peats, patient DNA samples were found bo harbor hundreds of them [330,331]. Importanily,
the GaCy motif was shown to fold into a Gequadruples structure from BN A molecules
in vitre |132,333], suggesting a causal link between higher levels of this secondary structune
in the tramscript and pathology, Indeed, it was demonstrated that ALS-associated Gd
lewels in COURET2 mBENA drive the assembly of cytosolic membrane-less organellis, both
im vitro and in cells. The over-representation of RNA granubes was proposed (o sequester
key proteins and alter RNA metabolism, ultmately leading to newrodegeneration [267]
This hypothesis was demonstrated for hnRNP H, which was found to colocalize with G-
gquadruplex structures and accumulate in insoluble sgpregates in CY9-ALS patient cells and
brain samples [200]. Importantly, this recruitment was correlated o an sboormal level of
incorrectly spliced transcripts in ALS patient brain samples, supporting the idea that abnoe-
rnally high levels af RMA granubes associated with eritical protein factors lead o aberrant
splicing events in transeripts of genes previowsly implicated in ALS pathophysiology [262]
An additional hypothesis indicates that enzymatic degradation of long transcripts bearing
expanded CGG repeats may not be sufficient to repress oytotosicity. Indeed. it was recently
demonstrated that even short G-rich RN Az drive liquid-to-solid phase transition through
the self-assembly capabilities of G-guadruplex structures. The resulting RMA fod indwced
cell dysfunction and death, suggesting an alternative malecular pathway behind the patho-
physiology of repeat expansion disorders [265]. Owverall, cxpansion of G-guad roplexes
was clearly designated as the causal factor in ALS and FTD using cellular models and
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patient-denved tssue samples, G modif nepeat expansion in pathogenic alleles was shown
o induce widespread deregulation of ENA metabolism, particularly in the context of
splicing, through excessive RN A aggregate formation and sequestration of RN A-binding
proteins. While albermative mechanisms lnked o disease onset should not be overlooked,
the current model reveals the central mle of G-quad ruplex structures in neurodegeneration,
alse polnting at Gds as amenable targets in ALS/FTD therapy.

The involvement of G-quadruplexes in human disease s especially relevant when
conaidering these guanine assemblies as threals to genome integrity. In fact, as analyzed
previnusly, defects in key components of the cellular response to G-quadraplex-irduced
polvmerase stalling promote the formation of DNA lesions and increase chromosomsa
fragility at pathological levels, It is no wonder that several conditions related to increased
genome instability have been linked to impaired regulation of G-quadruplexes, as is the
case of Bloom syndrome. Its symptoms include primordial dwarfism, sunlight sensitivity,
impaired fertility, immunodeficiency, and a high incidence of cancers [221,24]. This rare
genetic condition is cauzed by mutations in the BLM gene, which encodes a RecQ) family
helicase that i involved in multtiple steps of DNA metabolism incleding G-quadrplex
unwinging [221,225,224]. Impartantly, a transcriptomics study of BLM-deficient fibroblasts
rvealed & positive correlation between upregulated jgenes and ranscripts beanng putative
G motifs (MOS), suggesting that BLM depletion results ina Grquadruplex-dependent
global dersulation of transcription [230], An alternative model of Bloom syndrome pathaol-
oy proposes that the unusaally high rates of ecombination events and sister chromatid
exchanges observed in BLM-deficlent patients are caused by Gd-mediated genomic insta-
bility, as has been shown for transcribed reglons [Z35] 1t is important bo note that Bloom
syndrome defects have not been exclusively linked to deregulation of G-quadrnaplexes. In
fact, the BLM helicase was shown to contribute to several other Ga-independent DMNA-
repair and recombination processes [315-237]. Despite this, it is undoubtedly possible that
genomic loci prone to form G-quadruplexes are much harder 1o replicate in the absence of
this critical helicase, thus ascribing part of the genome instability observed in patient cells
to deregulated guanine tetraplexes.

Most of the rescarch into Gequadruploxes as drog targets, however, has becn per-
formed in the comtext of cancer. 1t has long been demionstrated that genomic instabiliey
i= & hallmark of cancer, a desirable trait that dramatically. increases genetic variability
among the tumoer population. This crifical element enables the insurgence of mutations
that are favorable to cancer cells and confer selective advantage, particularly in the six
hallmarks of cancer postulated by Hanahan and Wisinberg [135]: replicative immaortality,
resistance teoell death, self-sustaining proliferative signaling, evasion of growth suppnes-
HOEN, ﬂhp'l.'pam‘rﬂ«l_-l indisction, achHve tHesue invasion, and metastasks, At the heart of all
this, poorly functional DNA damage response, cell oycle checkpaoints, and /or apoptosas
mechanisems are olien assoclated with tumorgenesis. Remarkably, global Gquadruples
leveds are generally higher in tumor or immortalized cells than in nocmal ones [R5,535]
Although B s stll unclear if guanine fetraplexes are themselves causal agents of cancer
or simply a byproduct of neoplastic transformation, several lines of evidence podnt at
these structures being amenable therapeutic targets. Firstly, as discussed above, specific
conformations of fobded (G4s have been shown to inhibit telomerase [13], which is activated
im cancer cells to maintain telomeres. Secondly, as explored previously, G-quadruplexes are
endogenous factors that promaote podvmerase stalling and genomic instability, particularly
in genetic backgrounds where G4 unwinding or bypassing has been compromised. More-
over, several promoters of oncogenes bear G4 motifs and folded C-quadruplex strsctures
that have been linked to transerptional regulation of these genes, including c-mwe, ook,
SRC, and KRAS [61,166,171,280], [tis no surprise that significant effort has been deveted
tor thwe disconvery and design of small molecales capable of recognizing Crquadrupleses, as
already discussed ina previous section, Indeed, 8 subset of these compounds successfully
impaired telomerase activity, reduced oncogene expression, induced lethal DNA lesions
and for cell death, and counteracted cancer-specific phenotypes in various cell lines and 3
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semograft model [150,159, 071, 152] (reviewed inoref. [H0]). Despite the growth mocharac-
terized Grquad rupbex binders and the increased cytotoxicity of newer compounds, few
have entered phase | clinteal trdals owing to their mited potency [H1]. The candidate
drug CX-5461 was recently shown to elicit a response in 14% of study participants carry-
ing geemline mutations of homologous recombination {HR) factors (BRCAT, BRCAZ, or
FALB2). Although limited, the data suggest that chemical G-quadruplex stabilization may
have higher efficlency in patients with impalred HR [341,542]. On the whole, three main
caveats might explain the poor performance of Gquadruples binders in drug devetopment.
Firstly, from a pharmacological point of view, the decade-old drug design sirategy that
favors m-m stacking of ligands onto G-gquartets fundamentally hinders the ability of the
drag to be soluble m agueous solutions, thus compromising the pharmacokinetics of most
Gquadruplex ligands. Moreowver, until recently, the limited availability of stractural data
and of specific assays made the design of molecales targeting a specific G-quadruplex
within a genomic locus of interest (i.e., oncogene promoters) extremiely difficult, In fact, it
i= not easy to demaonstrate that transcriptional downregulation of a target gene is caused by
stabilization of a precise Gequadruples in its regulatory sequence rather than an indirect
effect of global G4 persistence |245]. Lackily, the structural gap has partially been filled to
allew the drug optimization process B be tilored o a specific Geguadniples, provided
it prssesses unigue fopological characteristios [152], On the other hand, non-selective
G stabilization might stll prove useful to ghobally deregulate transcription and induce
DA damage at such levels that indwce cell death. In this case, however, it must be
remembered that our undetstanding of G-quad ruplex Blology is still limited; therefore,
predicting the sutcome of guanine betraplex stabilization s difficult and e process may
produce unwanted consequences. Susely, expanding our knowledge on the tople will also
help in defining rew therapeutic strategies that target G-quadruplexes. A noteworthy
example is the recently proposed link between chemical G-quadruplex stabilization and
activation of the cGAS/STING pathway as a possible exploit to lrigger innate immunity
against tumors [341,323]. Overall, the progression of the G-guadruphex biology field is
the foundation upon which new DMNA- and BN A-targeting therapeutic strategies against
canoer and genctic disorders may be discovered and optimized. Hence, omce again the
need to identify and characterize the factors and pathways that co-operate toe modulate
Gequadruplex levels in healthy colls is crucial in advancing the whale fickd.

7. Conclusions and Fulure Perspectives

Throughout seven decades of research, the relevance of the G-quadruplex in nu-
clric acid metabolism has been greatly expanded upon. Technological advancements,
particulary next generation sequencing (Gd-seq [121]) coupled to in-depth structural
and dynamics investigations of these structunss, boath in vitro and in cclls, have revealed
crucial aspects of these polymorphic non-canonical secondary structures. Gds have been
observed or predicted to exist in all currently sequenced genomes—from viruses to hu-
raans 11 10,151 .I'.’Z..'I“II.!‘-‘JI,'.'Ii."-,'.:!ll"!_,!':'l:'lr'ZII'J]. Wheen u1r|1b|'r'||'n3 all the mep'.-ﬂmr.'nlal wi-
dence, G-quadruplex biclogy has been implicated in all major processes of nucleic acid
metabolism and to several layers of gene expression regulation, acting bath as a positive
and negative influences in any of those, Broadly speaking, C-quadrupleses Influence cell
hiodogy in two mapor ways, one of which entails protein recrulbment at specific genombe
loel, The specificity of G-quadruplexes as seaffolding hubs for protein localization could,
in theory, be guaranteed by the fact that G-quadrupleses are folded and unfolded n a
controlled manner in cells. Additionally, mulliple G4 binding proteins were shown Lo have
highwer binding affinity for a specific conformation of guanine tetraplexes, pointing at the
relevance of the extensive structural polymaorphism of these assemblies. Flowever, iLis
currently unclear whether cells can dictate the topology of folding G-quadruplexes, for
example, by locally regulating the pil or availability of stabilizing cations. MNevertheless,
the spectrum of physiolegical functions regulated by C-quadrupleses is destined to expand
as the G-quadrupbex interactome does, again pointing at the central importance of discov-
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ermg and characterizing new G4 binding factors in this research Aeld, On the other hand,
Grguadrupleses were shown to work independently of protein recraitment, in particular
as obstacles o polymerase activity, In this sense, Goquadropleses beoome endogenous
determinants of DNA lesions and genomic instability. Inothis case, the molecular mecha-
nisms behind the prevention, formation, and resolution of Gd-dependent TINA damage
are vet to be elucidated completely. In the future, the discovery of factors that recognize
Grquadrmusplexes threatening genome Integrity and /or guide DNA-damage-processing
factors into a specific repair pathway will be paramount in dissecting the role of guanine
tetraplexes in physiology and disease.

While the current comprebensive view of G-quadruplex biology sequires ke infor-
mation on molecular mechanisms, therapeutic strategies either targeting or employing
puanine tetraplexes have boen explored since the 1990, Their inhibitory effect on either
ongogens expression or directly on telomerase activity has propelled anticancer research
inter designing increasingly more specific and cytofoxic G4 ligands, with limited clini-
cal applicability so far. With time, however, alternative strategics have been proposed,
from targeting G4 binding proteins as a drag delivery system [344] to stabilizing guanine
tetraplexes for the stimulation of innate immunity mechanisms [140,343], Anintriguing
avenue yet to be fully explonsd ig G4 umwinding by way of destabilizing Hgands [155],
whose applicability in cases of abermantly higher tetraples levels—especially in genetic
conditions such as ALS, FTD, or Bloom syndrome—is predicted o be beneficial, On the
whale, the potential translational applications of G-quadruplex shadies are intriguing. The
Hmited success of recent clinical irials of GA ligands underlines the crucial need o dissect
G biodogy at the molecular level inorder to sdentfy clindcally relevant cellular pathways to
be more efficiently targeted in affected patients. In this context, expanding the list of factors
that specifically interact with guanine tetraplexes will provide new insight into how thess
peculiar secondary structures can influence the wide variety of biological pathways that
have been presented in this review. An additional avenue for future sesearch involves the
precise deciphering of the relevance of G-guadruplex polymorphism in cells, which could
be theoretically achieved thanks to the expanding list of G4 ligands capable of recognizing
a sperific tetraplex topology or of inducing a switch between these conformations 184,
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