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1 Sommario  

L'instabilità del genoma è una caratteristica distintiva dell'invecchiamento e di varie 

patologie umane, tra cui il cancro. L'instabilità genomica è 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 è 

associata ad alterazioni nell'espressione genica, a stress replicativo, a rotture del 

DNA e, in ultima analisi, a un aumento dell’instabilità 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 stabilità 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 è 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 Tbf1, mentre la mutazione di 

residui C-terminali abolisce entrambi i processi e correla con ipersensibilità 

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 prossimità 

spaziale a una seconda regione putativa di legame al DNA direttamente coinvolta 

nella dimerizzazione (residui 170-210), inferita per omologia con Hermes, la cui 
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esistenza è 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 stabilità 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.  
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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 Tbf1, 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 
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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.  
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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 Tbf1 and Env11, and at double-strand DNA break sites to 

facilitate repair, exclusively with Tbf1. 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, I 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 selection1,2. Such genetic alterations can 

manifest themselves in different forms and magnitudes3 (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 chromosomes3 (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 ageing1,4–6 and numerous human pathological 

disorders, including most cancers2,7–11 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 event8,11,15–18. 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 strategies19,20. 

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 (i.e. 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)13,21,22. Extrinsic genotoxins 

include both physical sources, such as ionising radiation and ultraviolet light, and a 

plethora of chemical compounds13,22 (Figure I-1 A). DNA can be damaged also by 

physiological products, like reactive oxygen species, and during the normal DNA 

dynamics, among which replication13,22 (Figure I-1 A). Indeed, replication stress is 

among the major endogenous sources of genomic instability18,23–26.  

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 processes1,23,27–29. 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 

deoxyribonucleotides31,32. 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 stress1,23,27–29. Cis-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 DNA37–39. 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 length48,49, and non-canonical DNA structures, including Z-

DNA, triplex or H-DNA, hairpins, cruciforms, i-motifs, and, most relevant for this 

work, G-quadruplexes50–55, 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 

repair1,23,28,56.  

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 DNA13,22,57,58 (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 pathway13,22,57. 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 exist13,22,57. 

Mismatch repair proteins correct mispaired nucleotides, and base excision repair 

factors are dedicated to resolve small chemical alterations in DNA bases13,22,57. 
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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—like (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 

firing13,68–70. 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 Mec1 and Tel1 in budding yeast, and ATM, ATR, and DNA-PKcs in 

mammals) are activated and phosphorylate a number of protein substrates, like 

adaptors (yeast Mrc1 and Rad9 and human Claspin, MDC1 and 53BP1) and 

downstream effector kinases (Rad53, Dun1 and Chk1 in S. cerevisiae, CHK1 and 

CHK2 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 DNA23,28,67,75. 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 break23,28,67,75. 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 management1,23. 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 stress1,23.  

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 The yin 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 decades50,53,76–78. 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 consensus78–80 (Figure I-2 A). The original 

concept that only canonical tetraplex architectures exist, formed at sequences 

following the G3N1-7G3N1-7G3N1-7G3 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 potential83, 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 π-π 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 (G≥2) 

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, L2, 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 three79–81. 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 propeller80,81 

(Figure I-2 C). Moreover, G-quadruplexes can be polymorphic, such that the same 

sequence can adopt more than one configuration in solution91–95. 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, respectively79,96,97 (Figure I-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 acknowledged97–102. 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 DNA78,105. 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, 

Est1; mammalian nucleolin, thrombin, topoisomerases, TLS/FUS, LARK, APE1), or 

recruitment of additional proteins to the structure (e.g. Rif1 in yeast and BRCA1, p53 

and TRF2 in humans), to their destabilisation (e.g. yeast Cdc13, human POT1, ATRX, 

MAZ), unwinding (e.g. fungal Pif1, Dna2, Sgs1, mammalian RHAU/DHX36, BLM, 

FANCJ, WRN, FEN1, XPD/XPB, RPA) and nucleolytic processing (e.g. Mre11, 

Kem1/Xrn1 in yeast or human GQN1)108,114–127. 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 structure125. 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 viruses128,129, prokaryotes130,131 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 loci77,132,135–142. 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 processes78,106,110,147,148. 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 proteins149–153. 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 

factors158–161. The abundant tetraplexes found in ribosomal DNA were proposed to 

regulate processes related to cell growth and proliferation162,163. 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 envelope164–166. 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 

repair77,172. 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 instability76–78,148,177,178. 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 

transcription186–188 (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 promoters137,203 and tumour cells bear a higher content of folded 

tetrahelical assemblies compared to normal cells204.  
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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 activity165,166,205–208. Such 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 growing209,210, in the search for those potentially useful in cancer 

therapy211,212. 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 

tetraplexes98,226,228–233. In 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 specificity122,124. 

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 genome1,23, 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 screenings234. Despite these limitations being 

partially surmounted by the recent advent of the CRISPR/Cas9 technology235, 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 maintenance234,236–246. 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 plasmids247. 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 assay243,249. 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 yeast19,234,250–258. Direct 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 sequencing259. 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 damage249 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 maintenance240. 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 them19,234.  

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 DDC2 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 Lcd1 or Pie1, 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 DDC2 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 vid22∆ 

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 death268. The two former 

gene products, also known as Slx3 and Slx2, 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 instability234. 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 

pathway260,273,274, in combination with SGS1 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 maintenance275, 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 scenarios243. 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)243. 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 function284. 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 Tbf1 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 subphylum285, and the general 

regulatory factor Tbf1286–291. Env11, encoded by YGR071C, was named late 

ENdosome and Vacuole interface function due to its potential involvement in 

vacuolar functions292,293. Tbf1 (expressed from YPL128C), which stands for TTAGGG 

repeat-Binding Factor 1294, 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 repeats294,297,298. At these loci, Tbf1 displays different 

modulatory roles involved in maintenance of telomere length, including control of 

chromatin structure and insulation, telomeric ends capping, and regulation of 

telomerase recruitment294,298–303. This helix-turn-helix transcription factor, able to 

homodimerise303, 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 expression298,304–306. These RNAs 

participate in the chemical processing of both ribosomal and small nuclear RNAs to 

regulate ribosomal and spliceosomal biogenesis and functions307,308. Tbf1 is also 

found at over 130 additional promoter sequences304, where it colocalizes 

specifically with both Vid22 and Env11, and affects histone occupancy promoting 

formation of a nucleosome free region304. Indeed, Tbf1 was recognised to act as a 

weak nucleosome displacing factor, able to effectively prevent nucleosome 

deposition when multiple Tbf1 motifs are located closely, but not over a single 

binding site309. Vid22 and Env11, instead, were implicated in stabilising Tbf1 

binding to chromatin both at promoters and at subtelomeres304,310. 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 

telomeres298,304,312, both 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 compounds263,312,314,315—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. H2O2)—

possibly indicative of a Vid22-specific and Env11-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 vid22Δ background worsens the growth impairments observed 

in the individual mutants286. These data are compatible with Tbf1 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, a 

modification established on newly synthesized histone H3 molecules during S phase 

by the acetyltransferase Rtt109, along with the histone chaperones Asf1 and Vps75, 

before their incorporation into chromatin319–325. 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 hst3Δ hst4Δ 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 deletion317,318,321,330,331. 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, 

pathway333,334. 

Moreover, Vid22 and Tbf1 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, vid22∆ 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 Mre11 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 Tbf1 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 array262. Intriguingly, the genomic loci bound by Vid22 show significant 

overlap with sequences predicted to form G-quadruplexes262,263 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 vid22∆ phenotypes263. 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, vid22∆ 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 vid22∆ cells, which tend 

to have lower copies of mitochondrial DNA (in agreement with a previous 

publication259), longer telomeric ends263, and altered ribosomal DNA repeats262,337. 

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 CUP1 repetitive locus, and several secondary mutations in cells 

lacking VID22259. 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 

vid22∆ cells only when combined with the insertion of G-quadruplex forming 

motives, whereas in env11Δ 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 nm338,339, 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 arrangements263. 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 Tbf1 

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 models340, 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 expression341. The 

domain is described to fold in a β-β-α 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 Zn2+ 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 proteins341, and indeed it was 

demonstrated for some cases348–350. The BED domain might also participate in 

protein-protein interactions, akin to certain Cys2-His2 Zn fingers342,345,351–358. In 

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 family359. 

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, IPR008906 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 β-sheet, flanked and interrupted by α-helices with varying 

positions and arrangements360,361. The initial three strands exhibit an anti-parallel 

orientation, typically proceed without any insertions, and are usually followed by a 

conserved α-helix, while the shorter fourth and fifth strands run parallel to the first 

strand360,361. Typically, this fold is connected to other functional domains that play 



38 
 

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 β1, Asp/Glu/His in β4 or 

in the α-helix preceding the last β strand, and Asp/Glu/His placed after the fifth 

strand, normally in the C-terminal α-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 locus360. 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)364,365, after a highly 

characterised Musca domestica transposase (Figure I-4) for which the crystal 

structure has been determined350,366–369. 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 majus359,370–372. hAT elements form an ancient, large, 

diverse, and wide-spread eukaryotic protein family, which includes both active 

autonomous class II transposases, catalysing excision and mobilisation of their 

encoding sequence, and related inactive sequences from fungi, plants, and 

animals359,373–377. 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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exaptation349,374,378–392. Active and domesticated hAT transposases usually form 

dimers and oligomers349,367,368,393, 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 β1-β2-

β3-α1-β4-α2/3-β5-α4-α5 secondary structure359,367,368,371 (Figure I-4). The latter is 

occasionally interrupted by an additional non-conserved domain after the fifth β-

strand, commonly larger than 250 residues and participating in self-

interaction359,367,368,371. 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 

element359,373. The same variability is observed in the second DNA binding domain, 

which crucially participates in dimerisation of Hermes through intertwining α-

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 contacts359,373. 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 β-strand and including the first 

catalytic carboxylate, the second encompassing the α-helices separating strands β4 

and β5 with a distinguishable CxxH and RW motives, and finally the three C-terminal 

α-helices with a Trp couple and the third catalytic residue in an ERF motif359,373. 

These latter represent the most conserved region among hAT elements359,373,394,395 

and were identified as being required for the self-association of certain 

proteins393,396,397, leading to the annotation of the hAT family C-terminal 

dimerisation domain (i.e. IPR008906, Figure I-4)340. However, in the Hermes 

structure, these C-terminal helices are, in fact, crucial for maintaining the overall 

architecture of the transposase367–369. Nonetheless, this feature is recognized in 

Vid22 (PF05699, residues 799-878, Figure I-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 

relationship359–361,373. Indeed, the rationale for identifying domesticated hAT 

proteins is the preservation of one or more domains characteristic of such 

transposon family359. 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, respectively364,365. 

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 sequences384,398, 

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 

remodeling393,399–401. 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 Müller cells distributed between the nuclear and cytoplasmic 

compartments402,403.  As ZBED1, it also dimerises through its C-terminus to reach 

the nucleus393. Most interestingly, in vitro experiments probing its nucleic acid 

binding properties revealed that it preferentially recognises G-rich sequences404, 

some of which having the potential to fold into G-quadruplex structures. To date, 

ZBED5 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 structures263. 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)340, 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 residues341. These conserved Cys and His dyads, corresponding to 

Vid22 positions C87, C90, H110, and H115, are expected to be involved in 

coordination of a Zn2+ ion341, which is essential for stabilizing the β-β-α secondary 

structure typical of the large class of Cys2-His2 Zn finger domains342–346, from which 

the BED finger is evolutionarily derived347. 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 

domains349,405,406, possibly by disrupting the fold. Furthermore, His to Tyr mutation 

in the Cys2-His2 zinc finger of the yeast Adr1 transcription factor prevents DNA 

binding407. 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 melanoma346. 
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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 vid22Δ haploid cells, to isolate vid22 BED mutant (vid22 BED). 

Firstly, I 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-seq263 (Figure 1 A-E). The selected Vid22 

binding sites include both loci containing computationally predicted and/or 

experimentally verified potential G quadruplex-forming motives132,135 (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 (tRPR2). As a reference, samples obtained from vid22Δ 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 (vid22Δ + vid22 BEDMyc) 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 (vid22Δ + 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 sensitive263.  
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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-qPCR of wild-type Vid22 or mutated in BED domain at three G4-forming132,135,263 

(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), vid22Δ complemented with Vid22-Myc 

(Vid22, strain YFL3902), and vid22Δ 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 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 ***). (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 (Vid22Myc, strain YFL3870), vid22Δ complemented with 

Vid22-Myc (vid22Δ + Vid22Myc, strain YFL3902), and vid22Δ complemented with vid22 

C87A C90R H110Y H115Y-Myc (vid22Δ + vid22 BEDMyc, 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 vid22Δ complemented with wild-type Vid22 or 

mutated in the BED domain, compared to vid22Δ. Curve of the normalized optical density 

from vid22∆ transformed with the empty vector (vid22Δ + empty, strain YGE880), vid22Δ 

complemented with Vid22-Myc (vid22Δ + Vid22, strain YFL3902), and vid22Δ 

complemented with vid22 C87A C90R H110Y H115Y-Myc (vid22Δ + vid22 BED, strain 

YFL3904) grown in plasmid-selective media supplemented with 100μM 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 vid22∆ cells complemented either with Myc-tagged 

wild-type Vid22 (vid22Δ + Vid22) or vid22 BED mutant (vid22Δ + vid22 BED), or the 

empty vector (vid22Δ + empty), growing in plasmid-selective media supplemented 

with 100µM 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 vid22∆ cells carrying the empty 

plasmid, instead, is significantly affected by G-tetraplex stabilisation, as expected263 

(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 to364,365, generally 

possess a second DNA binding domain downstream of the BED359,367,368,371. 

Alternatively, the BED domain could be involved in protein-protein contacts, as was 

shown for some Cys2-His2 Zn finger proteins interacting with other transcription 

factors345,355–358. If 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, Cys2-His2 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 Sgs1-independent262. Moreover, 

several high and low throughput works detected a negative genetic interaction 

between SGS1 and VID22, as summarized in the BioGRID database408. 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 folds275, we sought to explore a possible 

interconnection between Vid22 and this helicase in prevention of G-tetraplex 

associated genome instability. Therefore, I tested if Sgs1 is required for Vid22 

recruitment at the representative G-quadruplex forming locus in the promoter 

region of the SKN7 gene on chromosome VIII (G4 pSKN7). This locus was chosen 

because we confirmed that the non-canonical G-rich motif embedded in the 

promoter (chrVIII: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-tetraplex263. 
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Curiously, proximal regions, downstream to the site of the G-quadruplex, are 

frequently altered in vid22Δ clones263. In fact, the G-quadruplex forming sequence, 

but not its G4 mutated form, causes a significant increase in gross chromosomal 

rearrangement frequency in vid22Δ 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 vid22∆ 

strains, compared to that in the wild type (Figure 2 A-B), despite Vid22 not being 

enriched at the mutated sequence263.  

 

 

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 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 ***).  (B) SKN7 expression in vid22Δ Tbf1-Myc (vid22Δ, strain YGE671) relative 

to its expression in the wild-type (wild type, strain BY4741). SKN7 expression was 

normalised over HHT2 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 sgs1∆) 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.  

 

 

Figure 3 – Vid22 recruitment at the G4 locus in SKN7 promoter is Sgs1-independent 

(A) ChIP-qPCR of Vid22 at the G4-forming132,263 locus in pSKN7 (G4 pSKN7) 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 sgs1∆ (Vid22 sgs1∆, strain YFL2987) with 

9E10 Myc antibodies. Fold enrichment 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 ***). (B) ChIP-

qPCR of Sgs1 at the G4-forming132,263 locus in pSKN7 (G4 pSKN7) 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 vid22∆ (Sgs1 vid22∆, strain YFL2994) with 9E10 Myc 

antibodies. Fold enrichment 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 ***). 

 

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 vid22∆), 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 stability262,312, 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 

potential263. 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 Tbf1 at over a hundred 

promoters, both associated with and deprived of potential G-quadruplex forming 

sequences, including the SKN7 promoter, displaying overlapping 

annotations262,263,304,316 (Figure 4 A). Furthermore, the ability of the three proteins 

to physically interact forming a stable complex is well established286–291. Because 

Tbf1 is known to bind at TAGGG core consensus sequences294,297,298,304,316,409,410 

through a C-terminal Myb-type helix-turn-helix DNA-binding domain295 
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(IPR017930)340, and pSKN7 contains two such Tbf1 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-tetraplexes411. 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, env11∆ 

cells show no increase in the sensitivity to genotoxic stress263,312, nor they exhibit 

gross chromosomal rearrangements dependent on G-quadruplex forming 

sequences263, 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 strategy412,413, I disrupted both 

Tbf1 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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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 Vid22262,263,316, Tbf1304,316 and Env11262 ChIP peaks. The position of TATA elements414, 

of the G4132, of the chromosomal alterations in vid22Δ strains263 and of the qPCR amplicon 



54 
 

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 Tbf1 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-forming132,263 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), 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 Tbf1 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 Tbf1 at the wild-type G4-forming132,263 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), Tbf1-Myc (wild type Tbf1, 

strain YGE654.1), cells mutated in Tbf1 consensus binding sites in pSKN7 (TBS mutated no 

tag, strain YFL3770), Tbf1-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 Tbf1 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 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 ***). 

 

I 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 Tbf1 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 enrichment263, the above-mentioned strains were tested by 

ChIP-qPCR 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, Tbf1 recruitment (Figure 4 D). Because neither Vid22 nor Tbf1 

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 Tbf1 binding consensus sequence are 

combined with those abolishing G-tetraplex folding (TBS-G4 mutated), neither 

Vid22-Myc nor Tbf1-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 Tbf1 being responsible for the recruitment of Vid22, 

because if this were the case, Vid22 would still be enriched at the G4 mutated locus, 

where Tbf1 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 suggested304. 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 Tbf1 recruitment at the SKN7 promoter and 
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that, probably, Vid22 maintains Tbf1 bound to DNA. Similarly to what observed in 

the G4 mutated condition, additional ChIP-qPCR experiments revealed that, in a 

vid22∆ 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.  

 

 

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-forming132,263 locus in pSKN7 (G4 pSKN7) in presence or in 

absence of VID22. ChIP was performed in wild-type cells (no tag, strain BY4741), Tbf1-Myc 
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(Tbf1, strain YGE654) and Tbf1-Myc vid22∆ (Tbf1 vid22∆, strain YGE671) with 9E10 Myc 

antibodies. Fold enrichment 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 ***). (B) TBF1 

expression in vid22Δ Tbf1-Myc (vid22Δ, strain YGE671) relative to its expression in the wild-

type (wild type, strain BY4741). TBF1 expression was normalised over 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 

***). (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), Tbf1-Myc (Tbf1Myc, 

strain YGE654), Tbf1-Myc vid22Δ (Tbf1Myc vid22Δ, 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 Tbf1 and the 

Vid22-Tbf1 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 Tbf1 binding observed in the 

G4 mutated or vid22∆ scenarios. Yet, since Vid22 and Tbf1 can physically interact, 

but mutation of Tbf1 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-Tbf1 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 Tbf1 

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 Tbf1, as some Cys2-His2 fingers are 

reported to be involved in protein-protein contacts342,345,351–358. 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).  

 

 

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 Tbf1. Normalised protein extracts of Vid22-Myc (Vid22Myc, strain YFL3902), 

vid22 BED-Myc (vid22 BEDMyc, strain YFL3904), Vid22-Myc Tbf1-Flag (Vid22Myc Tbf1Flag, 

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 vid22∆ Tbf1-Flag cells complemented with a 

centromeric plasmid expressing either vid22 C87A C90R H110Y H115Y-Myc (Tbf1 

vid22 BED) or Vid22-Myc (Tbf1 Vid22) were incubated with anti-Flag-conjugated 

beads. Samples from Tbf1-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 Tbf1-Flag to a lesser extent compared to wild-type Vid22-Myc, 

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 Tbf1 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 Tbf1 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-

Tbf1 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 Tbf1, we 

considered adopting a random mutagenesis strategy based on the following 

rationale. On one hand, Tbf1 was proposed to possess both an essential function, 

potentially unrelated to Vid22, in transcriptional regulation304,312, as well as a non-

essential role associated with Vid22 and linked to genome stability 

maintenance286,312. On the other hand, it had been previously observed in our 

laboratory that overexpression of VID22 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 Tbf1 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 VID22 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, 

IPR012337) 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 (OD600) of 0,06 in 

H2O 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 856-901Δ (vid22 CtΔ45), 

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 856-901Δ and Tbf1 (Figure 8 A). Tbf1 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 Ct∆45HA Tbf1Myc). The truncated vid22 856-901Δ protein is 

undetectable in Tbf1 co-immunoprecipitated fraction, whereas wild-type Vid22 co-

precipitates with Tbf1 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 856-901Δ 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 856-901Δ signal from 

Tbf1 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 Tbf1. Normalised protein extracts of Vid22-HA (Vid22HA, strain 

YFL3161), vid22 856-901Δ-HA (vid22 Ct∆45HA, strain YFL3170), Vid22-HA Tbf1-Myc 

(Vid22HA Tbf1Myc, strain YFL3164), and vid22 856-901Δ-HA Tbf1-Myc (vid22 Ct∆45HA 

Tbf1Myc, 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 Tbf1 with wild-type Vid22 

or the C-terminally truncated mutant. Normalised protein extracts of Tbf1-Myc (Tbf1Myc, 

strain YGE654.1), Vid22-HA Tbf1-Myc (Vid22HA Tbf1Myc, strain YFL3164), and vid22 856-

901Δ-HA Tbf1-Myc (vid22 Ct∆45HA Tbf1Myc, strain YFL3111) were incubated with 12CA5 

HA antibodies. Protein concentration was normalised to 2mg/mL or 20mg/mL (10×) 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 

vid22Δ, evaluated by spot assay. Log-phase wild-type cells (no tag, strain BY4741), Vid22-

HA (Vid22, strain YFL3161), vid22Δ (vid22Δ, strain YNOV124), and vid22 856-901∆-HA 

(vid22 CtΔ45, strain YFL3170) were diluted to an optical density at 600 nm (OD600) of 0,06 

in H2O 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 vid22Δ. Cell cycle distribution of log-phase, α-factor 

synchronised and released cultures at different time-points of wild-type cells (no tag, strain 

BY4741), Vid22-HA (Vid22, strain YFL3161), vid22Δ (vid22Δ, strain YNOV124), and vid22 

856-901∆-HA (vid22 CtΔ45, strain YFL3170) was determined by flow cytometry 

quantitation of DNA stained with Sytox Green415. 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 856-901Δ-HA and Vid22-HA (Figure 

8 B). To overcome the issue of vid22 CtΔ45 instability and precipitate a comparable 

amount of the full-length and truncated proteins, the experiment was also 

performed with extracts from Tbf1-Myc vid22 856-901Δ-HA and Tbf1-Myc 10 times 

more concentrated (10×, 20mg/mL). Tbf1 is virtually absent in both the co-

immunoprecipitated fractions of vid22 CtΔ45 (Figure 8 B), consistently with the 

outcome of the previous experiment. Altogether, co-IP analysis of the physical 

interaction between vid22 CtΔ45 and Tbf1 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 CtΔ45 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 (vid22Δ) 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 

CtΔ45 and wild-type cells in the hydroxyurea-containing plates, with the former 

displaying a sensitivity to replication stress comparable to that of vid22∆ cells. 

Finally, to better characterise vid22 856-901∆ 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 α-factor in G1-phase and 

release from cell cycle arrest (Figure 8 D). Cell cycle analysis revealed that vid22 

CtΔ45 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 vid22∆ cells263 (Figure 8 D). 

Overall, these results suggest that the integrity of Vid22 C-terminus is required for 

the interaction with Tbf1, 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 

contacts359,373,393,395,396,416, we deemed worth the pursuit of stable Vid22 C-terminal 

mutants disrupting its physical association with Tbf1 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 Tbf1 

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 sequence417. 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 sequenced285, 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 tree285. 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 evolution285. I next applied the MUSCLE algorithm418 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 finger341, 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, C90, and H115 display 89% identity in the MSA, H110 

90% identity (Figure 10 A). The consistency between the residues in Vid22 and 

Env11 forming the BED signature identified here and previously published341 

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)  



75 
 

 

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) 

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

Saccharomycotina species (block 8 of 18, residues 350-399) 

(Figure legend at page 80)  
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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)  



79 
 

 

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)  



81 
 

 

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=α; beta sheet=β), 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 

Ile 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 I 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 PCR419 to 

introduce the desired aminoacidic substitutions by the means of custom oligos. 

Following sequencing, the overexpression vectors were transformed in wild-type 

haploid yeasts. I 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 Tbf1 

(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 
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YFL3689.1) were diluted to an optical density at 600 nm (OD600) of 0,06 in H2O 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 Tbf1. Total proteins were extracted from 

normalised cultures of Vid22-Myc Tbf1-Flag (Vid22Myc Tbf1Flag, strain YFL3993), vid22 

K873A K875A-Myc Tbf1-Flag (vid22 KKMyc Tbf1Flag, strain YFL3995), vid22 N878A-Myc 

Tbf1-Flag (vid22 NMyc Tbf1Flag, strain YFL3996), vid22 Q880A-Myc Tbf1-Flag (vid22 QMyc 

Tbf1Flag, strain YFL3997), vid22 D887A D889A D891A-Myc Tbf1-Flag (vid22 DDDMyc 

Tbf1Flag, strain YFL3999), and vid22 L893P-Myc Tbf1-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 Tbf1-Flag (Tbf1Flag, strain 

YFL3128), Vid22-Myc Tbf1-Flag (Vid22Myc Tbf1Flag, strain YFL3993), vid22 K873A K875A-

Myc Tbf1-Flag (vid22 KKMyc Tbf1Flag, strain YFL3995), vid22 N878A-Myc Tbf1-Flag (vid22 

NMyc Tbf1Flag, strain YFL3996), vid22 Q880A-Myc Tbf1-Flag (vid22 QMyc Tbf1Flag, strain 

YFL3997), vid22 D887A D889A D891A-Myc Tbf1-Flag (vid22 DDDMyc Tbf1Flag, strain 

YFL3999), and vid22 L893P-Myc Tbf1-Flag (vid22 L/PMyc Tbf1Flag, 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. 
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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, I 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 Tbf1-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). I 

thus proceeded to analyse co-immunoprecipitation of Tbf1-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, Tbf1 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 Tbf1 physical interaction 

phenotypes, as the mutant alleles non-lethal when overexpressed produce proteins 

completely incompetent for Tbf1 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 vid22∆ 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 process31,420, and bleomycin 

(BM), which causes DNA breaks in addition to damaging other cellular 

components421. 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/μL, 250ng/μL, 

and 500ng/μL BM), along with an untagged control (no tag), cells expressing Vid22-

Myc (Vid22) and a strain in which VID22 is deleted (vid22∆). 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 

vid22∆. 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 Tbf1: 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-Tbf1 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 vid22Δ, evaluated by spot assay. Log-phase 

wild-type cells (no tag, strain BY4741), Vid22-Myc (Vid22, strain YFL3870), vid22Δ (vid22Δ, 

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 L893P-Myc (vid22 L/P, strain 

YFL3876) were diluted to an optical density at 600 nm (OD600) of 0,06 in H2O 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/μL BM, 

250ng/μL BM, or 500ng/μL 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 Tbf1 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 pSKN7 locus, displaying an enrichment comparable to the negative 

control (Figure 12 A), and Tbf1 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-

Tbf1 complex has a relevant function in genomic protection, because of the 

correlation between mutation of Vid22 C-terminus, loss of Tbf1 interaction, 
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increased sensitivity to genotoxic stress, and impairment of the recruitment of both 

proteins to a G-quadruplex forming locus. 

 

 

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-qPCR of wild-type Vid22 or mutated in conserved C-terminal residues at the G4-

forming132,263 locus 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-forming132,263 locus in pSKN7 (G4 

pSKN7). ChIP was performed in wild-type cells (no tag, strain BY4741), Vid22-Myc Tbf1-

Flag (Tbf1 Vid22, strain YFL3993), vid22 K873A K875A-Myc Tbf1-Flag (Tbf1 vid22 KK, 

strain YFL3995), and vid22 L893P-Myc Tbf1-Flag (Tbf1 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 Tbf1 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 Tbf1 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 pSKN7 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 Tbf1, 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). Tbf1 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-Tbf1 

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 chromatography263 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 superfamily340, which are known to self-

interact to perform their functions360,361, especially those of the hAT 

family349,350,359,367,368,373,393. Consistently, preliminary 16Å 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 4k×4k camera at a nominal magnification of 

73.000 corresponding to a pixel size of 1.9Å/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 16Å 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 system423. Tbf1 bait (B-Tbf1) 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 β-galactosidase catalysed 

hydrolysis of the lactose analogue X-gal. The same coloration is displayed by B-

Vid22 P-Tbf1 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-

Tbf1 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-Tbf1, 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 
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blot analysis of co-IP experiments of wild-type Vid22 with itself. Normalised protein 

extracts of Vid22-Flag cells transformed with the empty vector (Vid22Flag, strain YFL3989) 

or transformed with Vid22-Myc (Vid22Myc Vid22Flag, 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 (Vid22Flag, strain YFL3989) or transformed with Vid22-Myc (Vid22Myc Vid22Flag, 

strain YFL3987), vid22 K873A K875A (vid22 KKMyc Vid22Flag, strain YFL4014), vid22 N878A 

(vid22 NMyc Vid22Flag, strain YFL4015), vid22 Q880A (vid22 QMyc Vid22Flag, strain YFL4016), 

vid22 D887A D889A D891A (vid22 DDDMyc Vid22Flag, strain YFL4018), or vid22 L893P 

(vid22 L/PMyc Vid22Flag, 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, I 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 

at its 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 

protein393. Moreover, despite Hermes transposase C-terminus not being directly 

engaged in multimerisation, as revealed by its crystal structures350,367,368,424, 

mutation of conserved C-terminal residues prevents its self-interaction397. 

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 Q880A, 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-

Tbf1 interaction, but also Vid22 self-association. Taken these and the previous 

results together, the C-terminus might not be directly responsible for Tbf1 

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 Tbf1 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 intelligence425,426 and its implementations427, 

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 ColabFold427 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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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-Cα 

metric425,428 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 (helix), 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 (helix) and light blue in the other (helix), beta strands 

are coloured in orange (strand) 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 structure350, 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 dimer350 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 

Hermes350,367,368, their comparison may allow to interpret and predict Vid22 

structural-functional properties (Figure 16 A-B).  
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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, 

IPR018473) 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 856-901Δ mutant (CtΔ45) is also annotated. Substitutions 

targeting conserved residues in vid22 mutants are reported. Hermes dimer structure350 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 structure350 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 Tbf1 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 Tbf1 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.  
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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 (Vid22Flag, strain 

YFL3989) or transformed with Vid22-Myc (Vid22Myc Vid22Flag, strain YFL3987), or vid22 

F195A-Myc (vid22 FMyc Vid22Flag, 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 transposase350,367,368, 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 Tbf1 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 α-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 
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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 Tbf1. Structural data would also provide useful insights into 

Vid22-Tbf1 interaction mode and enable to verify whether Vid22 dimerisation is 

necessary for their physical association. Additionally, Tbf1 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 Tbf1 

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 spectrum429, as well as explore 

whether Vid22 RNase H-like domain conserves any catalytic activity, and determine 

the contribution of Tbf1 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 

ligands114,120,430,431. 

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 Tbf1262,263,304,316, to quantify its impact on gene 

expression we performed RNA-Seq experiments in unperturbed wild-type and 

vid22Δ cells, which are presently being analysed. In addition, given Vid22 and Tbf1 

implication in nucleosome positioning309,310,312,432–437, and their link to histone de-

acetylation312,316,333, ATAC-Seq analysis438 has also been planned. In addition to their 

involvement in transcription and nucleosome organization, Vid22 and Tbf1 have 

also been shown to impact DNA double-strand break repair, telomere and ribosomal 

DNA stability, and replication262,263,439–442,268,301,303,304,309,312,337,409. 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 cells443–445. 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 contacts446. Proper nuclear positioning and contact of certain 

DNA sequences (e.g. ribosomal DNA array, telomeres) is physiologically relevant, 

promoting their stability and epigenetic signature447. 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 

described448,449. Because both transcription factors450–452 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-

qPCR experiments (e.g. exploring the contact between two regions of chromosome 

VIII detected in a previous work444, 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.   



119 
 

7 Materials and Methods 

7.1 Tables 

7.1.1 Yeast strains 

Name Background Genotype Plasmid Source 

BY4741 S288C 
Mat a 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
- 

Euro-

scarf 

EGY48 EGY48 

Mat α 

ura3Δ his3Δ trp1Δ  

leu2::6LexAop­LEU2 

- R. Brent 

YFL2922 YGE1014 VID22-13Myc:HIS3MX6 - our lab 

YFL2955 BY4741 SGS1-13Myc:HIS3MX6 - our lab 

YFL2987 BY4741 
sgs1Δ::HPHMX6 

VID22-13Myc:HIS3MX6 
- our lab 

YFL2994 BY4741 
vid22Δ::KANMX6 

SGS1-13Myc:HIS3MX6 
- our lab 

YFL3111 BY4741 
vid22(856-901Δ)-3HA:KANMX6 

TBF1-13Myc:HIS3MX6 
- 

this 

work 

YFL3128 BY4741 TBF1-3Flag:KANMX6 - our lab 

YFL3161 BY4741 VID22-3HA:KANMX6 - our lab 

YFL3164 BY4741 
VID22-3HA:KANMX6 

TBF1-13Myc:HIS3MX6 
- our lab 

YFL3170 BY4741 vid22(856-901Δ)-3HA:KANMX6 - 
this 

work 

YFL3255 YHN93 - 
pGELE59 

pJG4-5 

this 

work 

YFL3259 YHN93 - 
pEG202 

pGELE60 

this 

work 

YFL3263 YHN93 - 
pGELE61 

pJG4-5 

this 

work 

YFL3267 YHN93 - 
pEG202 

pGELE62 

this 

work 

YFL3271 YHN93 - 
pGELE59 

pGELE60 

this 

work 

YFL3280 YHN93 - 
pGELE59 

pGELE62 

this 

work 

YFL3283 YHN93 - 
pGELE61 

pGELE60 

this 

work 

YFL3376 BY4741 - pGELE53 
this 

work 
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Name Background Genotype Plasmid Source 

YFL3377 BY4741 - pGELE54 
this 

work 

YFL3378 BY4741 - pGELE55 
this 

work 

YFL3379 BY4741 - pGELE56 
this 

work 

YFL3380 BY4741 - pGELE57 
this 

work 

YFL3381 BY4741 - pGELE58 
this 

work 

YFL3683 BY4741 - pFL230 
this 

work 

YFL3684 BY4741 - pFL228 
this 

work 

YFL3685 BY4741 - pFL231 
this 

work 

YFL3687 BY4741 - pFL232 
this 

work 

YFL3689 BY4741 - pFL234 
this 

work 

YFL3770 BY4741 chrVIII 512268A:C 512304T:C 512305A:C - 
this 

work 

YFL3793 YFL3770 VID22-13Myc:HIS3MX6 - 
this 

work 

YFL3794 YFL3770 TBF1-13Myc:HIS3MX6 - 
this 

work 

YFL3797 BY4741 
chrVIII 512268A:C 512304T:C 512305A:C 

512307G:C 512323G:C 
- 

this 

work 

YFL3800 YFL3797 VID22-13Myc:HIS3MX6 - 
this 

work 

YFL3801 YFL3797 TBF1-13Myc:HIS3MX6 - 
this 

work 

YFL3870 BY4741 VID22-13Myc:LEU2MX6 - 
this 

work 

YFL3871 BY4741 vid22(Q880A)-13Myc:LEU2MX6 - 
this 

work 

YFL3876 BY4741 vid22(L893P)-13Myc:LEU2MX6 - 
this 

work 

YFL3895 BY4741 vid22(K873A-K875A)-13Myc:LEU2MX6 - 
this 

work 

YFL3897 BY4741 vid22(N878A)-13Myc:LEU2MX6 - 
this 

work 
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Name Background Genotype Plasmid Source 

YFL3900 BY4741 
vid22(D887A-D889A-D891A)-

13Myc:LEU2MX6 
- 

this 

work 

YFL3902 BY4741 vid22Δ::KANMX6 pGELE36 
this 

work 

YFL3904 BY4741 vid22Δ::KANMX6 pFL276 
this 

work 

YFL3987 BY4741 VID22-3Flag:KANMX6 pFL241 
this 

work 

YFL3991 BY4741 - pFL241 
this 

work 

YFL3993 BY4741 
VID22-13Myc:LEU2MX6 

TBF1-3Flag:KANMX6 
- 

this 

work 

YFL3995 BY4741 
vid22(N878A)-13Myc:LEU2MX6 

TBF1-3Flag:KANMX6 
- 

this 

work 

YFL3996 BY4741 
vid22(Q880A)-13Myc:LEU2MX6 

TBF1-3Flag:KANMX6 
- 

this 

work 

YFL3997 BY4741 

vid22(D887A-D889A-D891A)-

13Myc:LEU2MX6 

TBF1-3Flag:KANMX6 

- 
this 

work 

YFL3999 BY4741 
vid22(L893P)-13Myc:LEU2MX6 

TBF1-3Flag:KANMX6 
- 

this 

work 

YFL4001 BY4741 
vid22(L893P)-13Myc:LEU2MX6 

TBF1-3Flag:KANMX6 
- 

this 

work 

YFL4014 BY4741 VID22-3Flag:KANMX6 pFL247 
this 

work 

YFL4015 BY4741 VID22-3Flag:KANMX6 pFL243 
this 

work 

YFL4016 BY4741 VID22-3Flag:KANMX6 pFL248 
this 

work 

YFL4018 BY4741 VID22-3Flag:KANMX6 pFL245 
this 

work 

YFL4020 BY4741 VID22-3Flag:KANMX6 pFL246 
this 

work 

YFL4158 BY4741 VID22-3Flag:KANMX6 pFL330 
this 

work 

YGE1014 BY4741 chrVIII 512307G:C 512323G:C - our lab 

YGE1033 YGE1014 TBF1-13Myc:HIS3MX6 - our lab 

YGE1071 BY4741 
vid22Δ::HPHMX6 

TBF1-3Flag:KANMX6 
pGELE36 our lab 

YGE1073 BY4741 
vid22Δ::HPHMX6 

TBF1-3Flag:KANMX6 
pFL276 our lab 
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Name Background Genotype Plasmid Source 

YGE253 YHN93 - 
pEG202 

pJG4-5 
our lab 

YGE651 BY4741 VID22-13Myc:HIS3MX6 - our lab 

YGE654 BY4741 TBF1-13Myc:HIS3MX6 - our lab 

YGE671 BY4741 
vid22Δ::KANMX6 

TBF1-13Myc:HIS3MX6 
- our lab 

YGE722 BY4741 - 
pGREG 

535 

this 

work 

YGE723 BY4741 - pGELE23 
this 

work 

YGE877 BY4741 - pRS415 our lab 

YGE880 BY4741 vid22Δ::KANMX6 pRS415 our lab 

YHN93 EGY48 - 
pSH18-

34 
R. Brent 

YNOV124 BY4741 vid22Δ::KANMX6 - our lab 
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7.1.2 Plasmids 

Name Insert 
Selection in  

E. coli, yeast 
Additional features 

Size 

(bp) 
Source 

pEG202 pADH1:lexA bla, HIS3 

E. coli ori,  

S. cerevisiae  

2μ replication origin 

10166 R. Brent 

pFL228 
pGAL1:7HA-

vid22(N878A) 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11227 this work 

pFL230 

pGAL1:7HA-

vid22(K873A-

K875A) 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11227 this work 

pFL231 
pGAL1:7HA-

vid22(Q880A) 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11227 this work 

pFL232 

pGAL1:7HA-

vid22(D887A-

D889A-D891A) 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11227 this work 

pFL234 
pGAL1:7HA-

vid22(L893P) 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11227 this work 

pFL241 
pVID22:VID22-

13Myc 
bla, LEU2 

E. coli ori, 

S. cerevisiae CEN6 ARS 
9987 this work 

pFL243 
pVID22:vid22 

(N878A)-13Myc 
bla, LEU2 

E. coli ori, 

S. cerevisiae CEN6 ARS 
9987 this work 

pFL245 

pVID22:vid22 

(D887A-D889A-

D891A)-13Myc 

bla, LEU2 
E. coli ori, 

S. cerevisiae CEN6 ARS 
9987 this work 

pFL246 
pVID22:vid22 

(L893P)-13Myc 
bla, LEU2 

E. coli ori, 

S. cerevisiae CEN6 ARS 
9987 this work 

pFL247 

pVID22:vid22 

(K873A-K875A)-

13Myc 

bla, LEU2 
E. coli ori, 

S. cerevisiae CEN6 ARS 
9987 this work 

pFL248 
pVID22:vid22 

(Q880A)-13Myc 
bla, LEU2 

E. coli ori, 

S. cerevisiae CEN6 ARS 
9987 this work 

pFL276 

pVID22:vid22 

(C87A-C90R-

H110Y-H115Y)-

13Myc 

bla, LEU2 
E. coli ori, 

S. cerevisiae CEN6 ARS 
9987 this work 

pFL330 
pVID22:vid22 

(F194A)-13Myc 
bla, LEU2 

E. coli ori, 

S. cerevisiae CEN6 ARS 
9987 this work 

pGELE23 pGAL1:7HA-VID22 
bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11227 our lab 

pGELE36 
pVID22:VID22-

13Myc 
bla, LEU2 

E. coli ori, 

S. cerevisiae CEN6 ARS 
9987 our lab 

pGELE53 
pGAL1:7HA-

vid22#8 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11089 this work 

pGELE54 
pGAL1:7HA-

vid22#29 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11227 this work 

pGELE55 
pGAL1:7HA-

vid22#36 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11092 this work 
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Name Insert 
Selection in  

E. coli, yeast 
Additional features 

Size 

(bp) 
Source 

pGELE56 
pGAL1:7HA-

vid22#44 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11227 this work 

pGELE57 
pGAL1:7HA-

vid22#69 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
10885 this work 

pGELE58 
pGAL1:7HA-

vid22#76 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
11044 this work 

pGELE59 pADH1:lexA-VID22 bla, HIS3 

E. coli ori,  

S. cerevisiae  

2μ replication origin 

12807 this work 

pGELE60 
pGAL1:NLS-B42-

HA-VID22 
bla, TRP1 

E. coli ori,  

S. cerevisiae  

2μ replication origin 

8994 this work 

pGELE61 pADH1:lexA-TBF1 bla, HIS3 

E. coli ori,  

S. cerevisiae  

2μ replication origin 

11790 this work 

pGELE62 
pGAL1:NLS-B42-

HA-TBF1 
bla, TRP1 

E. coli ori,  

S. cerevisiae  

2μ replication origin 

7977 this work 

pGREG 

535 
pGAL1:7HA 

bla, LEU2 

HIS3 KANMX6 

E. coli ori, 

S. cerevisiae CEN6 ARS 
9689 Euroscarf 

pJG4-5 
pGAL1:NLS-B42-

HA 
bla, TRP1 

E. coli ori,  

S. cerevisiae  

2μ replication origin 

6449 R. Brent 

pRS415 - bla, LEU2 
E. coli ori, 

S. cerevisiae CEN6 ARS 
6021 

R. S. 

Sikorski 

pSH18-34 8LexAop:lacZ bla, URA3 

E. coli ori,  

S. cerevisiae  

2μ replication origin  

10484 R. Brent 
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7.1.3 Oligos 

Name 5'-3' sequence Direction 
Length 

(bases) 

Tm* 

(°C) 
Purpose 

chrVIII:512387_F ATGAGCAAAATGTGGTCAGC Forward 20 56 qPCR analysis 

chrVIII:512564_R ACCCAAACAAAAGCAGCAAG Reverse 20 57 qPCR analysis 

chrIX:382175_F AACCAAGACATCACTGCTTCC Forward 21 57 qPCR analysis 

chrIX:382332_R GATCGGCGCCAATATTAAAACG Reverse 22 57 qPCR analysis 

chrXV:216099_F GCCTGATCGTGACCTAGACC Forward 20 58 qPCR analysis 

chrXV:216259_R CACATAGGCTTTCCCCATTCG Reverse 21 58 qPCR analysis 

chrIV:264290_F GGAAGAAAAGCACACCCTAGG Forward 21 57 qPCR analysis 

chrIV:264489_R CGCATCATTTTCACGTCATACTC Reverse 23 56 qPCR analysis 

chrVIII:396975_F TTCAAAACGTGTCAGGGCTAC Forward 21 58 qPCR analysis 

chrVIII:397108_R CGCGGCGGAAATAATAAAAGC Reverse 21 59 qPCR analysis 

SKN7_CDS_F GGCGAACAAAGTTGGGAGTT Forward 20 59 qPCR analysis 

SKN7_CDS_R TGTTGGGGTTAGTGCCTTCA Reverse 20 57 qPCR analysis 

TBF1_CDS_F GTCGGTAACAACTCCCTGGA Forward 20 58 qPCR analysis 

TBF1_CDS_R CGTTCGTCTCGTCCTGAAAC Reverse 20 59 qPCR analysis 

HHT2_F GCGTGAATAGCAGCCAGATTAGT Forward 23 59 qPCR analysis 

HHT2_R TCAATCTTCTGCTATCGGTGCTT Reverse 23 59 qPCR analysis 

HIS7_F AGTTGTCCAGGTTCGATGATTC Forward 22 58 qPCR analysis 

HIS7_R 
TGCAATTTTCCAACCGTCATTTT

C 
Reverse 24 57 qPCR analysis 

VID22_C87A-

C90R_F 

ATGCTGGAGGCAGTAAAAGCCAA

GTACCGCGGTGTGATAATAAGAC

GG 

Forward 48 62 

QuikChange 

site-directed 

mutagenesis 

VID22_C87A-

C90R_R 

CCGTCTTATTATCACACCGCGGT

ACTTGGCTTTTACTGCCTCCAGC

AT 

Reverse 48 64 

QuikChange 

site-directed 

mutagenesis 

VID22_H110Y-

H115Y_F 

GAAGCCTCGCAAACTTATTTGTG

GAGCACGTATAAGATAGACCCGA 
Forward 46 66 

QuikChange 

site-directed 

mutagenesis 

VID22_H110Y-

H115Y_R 

TCGGGTCTATCTTATACGTGCTC

CACAAATAAGTTTGCGAGGCTTC 
Reverse 46 67 

QuikChange 

site-directed 

mutagenesis 

VID22_F195A_F 
CAGAAAACTTGCCTCTGTCGGCC

GTAGACAACACTGCCGTACG 
Forward 43 66 

QuikChange 

site-directed 

mutagenesis 

VID22_F195A_R 
CGTACGGCAGTGTTGTCTACGGC

CGACAGAGGCAAGTTTTCTG 
Reverse 43 66 

QuikChange 

site-directed 

mutagenesis 
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Name 5'-3' sequence Direction 
Length 

(bases) 

Tm* 

(°C) 
Purpose 

VID22_K873A-

K875A_F 

GATTTAACTCAAGAGATTATTGC

AATTGCATTATTCAATGATCAAT

TCG 

Forward 49 50 

QuikChange 

site-directed 

mutagenesis 

VID22_K873A-

K875A_R 

CGAATTGATCATTGAATAATGCA

ATTGCAATAATCTCTTGAGTTAA

ATC 

Reverse 49 50 

QuikChange 

site-directed 

mutagenesis 

VID22_N878A_F 

GATTATTAAAATTAAATTATTCG

CAGATCAATTCGTGGCAAGTAAA

G 

Forward 47 54 

QuikChange 

site-directed 

mutagenesis 

VID22_N878A_R 

CTTTACTTGCCACGAATTGATCT

GCGAATAATTTAATTTTAATAAT

C 

Reverse 47 53 

QuikChange 

site-directed 

mutagenesis 

VID22_Q880A_F 

GATTATTAAAATTAAATTATTCA

ATGATGCATTCGTGGCAAGTAAA

GTGG 

Forward 50 56 

QuikChange 

site-directed 

mutagenesis 

VID22_Q880A_R 

CCACTTTACTTGCCACGAATGCA

TCATTGAATAATTTAATTTTAAT

AATC 

Reverse 50 57 

QuikChange 

site-directed 

mutagenesis 

VID22_D887A-

D889A-D891A_F 

CGTGGCAAGTAAAGTGGCATACG

CATTGGCAACTTTACAAACTGCA

AG 

Forward 48 55 

QuikChange 

site-directed 

mutagenesis 

VID22_D887A-

D889A-D891A_R 

CTTGCAGTTTGTAAAGTTGCCAA

TGCGTATGCCACTTTACTTGCCA

CG 

Reverse 48 54 

QuikChange 

site-directed 

mutagenesis 

VID22_L893P_F 
GTGGATTACGACTTGGACACTCC

ACAAACTGCAAGTCAGTATCTTC 
Forward 46 62 

QuikChange 

site-directed 

mutagenesis 

VID22_L893P_R 
GAAGATACTGACTTGCAGTTTGT

GGAGTGTCCAAGTCGTAATCCAC 
Reverse 46 63 

QuikChange 

site-directed 

mutagenesis 

DP_VIII_NEW_F 

AAGTCGATTAAAAGTAGGGCTAA

CACAAGTATAAGCAGGGGAGCTC

GTTTTCGACACTGG 

Forward 60 58 

Delitto Perfetto 

(CORE cassette 

integration) 

DP_VIII_NEW_R 

TGAGCCCTGCCCTCACTTATGGC

ATCCCTATTATAGCAAATCCTTA

CCATTAAGTTGATC 

Reverse 60 49 

Delitto Perfetto 

(CORE cassette 

integration) 

TBS_mut_B_F 

AAAGTCGATTAAAAGCCGGGCTA

ACACAAGTATAAGCAGGGTTTTG

CTATAACCGGGATG 

Forward 60 - 

Delitto Perfetto 

(replacement 

cassette) 

TBS_mut_C_R 

TGAGCCCTGCCCTCACTTATGGC

ATCCCGGTTATAGCAAAACCCTG

CTTATACTTGTGTT 

Reverse 60 - 

Delitto Perfetto 

(replacement 

cassette) 
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Name 5'-3' sequence Direction 
Length 

(bases) 

Tm* 

(°C) 
Purpose 

TBS_mut_A_F 

AAAAAAAAAAAAAAAAAGTTTT

TCTTAAATGCATAGGTTTAAAGT

CGATTAAAAGTCGGG 

Forward 60 56 

Delitto Perfetto 

(replacement 

cassette) 

TBS_mut_D_R 

AAAAATTCAGAATTTCGGAAAAT

CCATGTACGCGCATCGATGAGCC

CTGCCCTCACTTAT 

Reverse 60 60 

Delitto Perfetto 

(replacement 

cassette) 

TBS-G4_mut_B_F 

AAAGTCGATTAAAAGTCGGGCTA

CACAAGTATAAGCAGGGTTTTGC

TATAACCGCGATG 

Forward 60 - 

Delitto Perfetto 

(replacement 

cassette) 

TBS-G4_mut_C_R 

TGAGCCCTGCGCTCACTTATGGC

ATCGCGGTTATAGCAAAACCCTG

CTTATACTTGTGTT 

Reverse 60 - 

Delitto Perfetto 

(replacement 

cassette) 

TBS-G4_mut_A_F 

AAAAAAAAAAAAAAAAAGTTTT

TCTTAAATGCATAGGTTTAAAGT 

CGATTAAAAGTCGGG 

Forward 60 56 

Delitto Perfetto 

(replacement 

cassette) 

TBS-G4_mut_D_R 

AAAAATTCAGAATTTCGGAAAAT

CCATGTACGCGCATCGATGAGCC

CTGCGCTCACTTAT 

Reverse 60 60 

Delitto Perfetto 

(replacement 

cassette) 

VID22_F1-Δ 

GCTGGCAGCATCCACAGGATAAA

CAAGCACGAGAGCACATCGGATC

CCCGGGTTAATTAA 

Forward 60 55 Deletion 

VID22_F2-

HA/Myc 

CGACTTGGACACTTTACAAACTG

CAAGTCAGTATCTTCCACGGATC

CCCGGGTTAATTAA 

Forward 60 55 
C-terminal 

epitope tagging 

VID22_F2-Flag 

CGACTTGGACACTTTACAAACTG

CAAGTCAGTATCTTCCATCTCAT

CATCATCATCATGG 

Forward 60 50 
C-terminal 

epitope tagging 

VID22_856-

901Δ_F 

ATGCAATGTCAGTCATCTTCCTC

CATTAGGGGAGAGTACTCATTTC

GGATCCCCGGGTTAATTAA 

Forward 65 54 

Mutagenesis and 

C-terminal 

epitope tagging 

VID22_R1 

CTAAAATTTAAAACAAACAGACT

TTGTTCCTTTGTATGTCGAATTC

GAGCTCGTTTAAAC 

Reverse 60 53 
Deletion, 

epitope tagging 

VID22_R1-

pFL241 

CTAAAATTTAAAACAAACAGACT

TTGTTCCTTTGTATGTCTTTCCT

TATCACGTTGAGCC 

Reverse 60 54 

Mutagenesis and 

C-terminal 

epitope tagging 

TBF1_F2-Myc 

ACATCGGACAATACAGGTTTTGA

TCCTCATTTAGAAGATGGGATGC

GGATCCCCGGGTTAATTAA 

Forward 65 55 
C-terminal 

epitope tagging 

TBF1_F2-Flag 

ACATCGGACAATACAGGTTTTGA

TCCTCATTTAGAAGATGGGATGT

CTCATCATCATCATCATGG 

Forward 65 50 
C-terminal 

epitope tagging 
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Name 5'-3' sequence Direction 
Length 

(bases) 

Tm* 

(°C) 
Purpose 

TBF1_R1 

TGGTTCAATAGAAAATTAGAAGT

CTGTTCATTTAAGCGCGGAATTC

GAGCTCGTTTAAAC 

Reverse 60 53 
C-terminal 

epitope tagging 

Vid22_F_pEG202 

TGGCGGTTGGGGTTATTCGCAAC

GGCGACTGGCTGATGAGAGCGAT

GGACACACAGGTAC 

Forward 60 62 

Yeast two hybrid 

plasmid 

construction 

Vid22_F_pJG4-5 

GCCTCCTACCCTTATGATGTGCC

AGATTATGCCATGAGAGCGATGG

ACACACAGGTACAG 

Forward 63 63 

Yeast two hybrid 

plasmid 

construction 

Vid22_TH_R 

CTTATTTAATAATAAAAATCATA

AATCATAAGAAATTCGCCTATGG

AAGATACTGACTTGCAG 

Reverse 63 56 

Yeast two hybrid 

plasmid 

construction 

Tbf1_F_pEG202 

GCGGTTGGGGTTATTCGCAACGG

CGACTGGCTGATGGATTCGCAAG

TGCCCAATAATAAC 

Forward 60 60 

Yeast two hybrid 

plasmid 

construction 

Tbf1_F_pJG4-5 

GCCTCCTACCCTTATGATGTGCC

AGATTATGCCATGGATTCGCAAG

TGCCCAATAATAAC 

Forward 60 60 

Yeast two hybrid 

plasmid 

construction 

Tbf1_TH_R 

CTTATTTAATAATAAAAATCATA

AATCATAAGAAATTCGCCTACAT

CCCATCTTCTAAATGA 

Reverse 62 50 

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 0,25μM oligo concentration. 

Oligos were purchased from Eurofins Genomics. 
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7.1.4 Antibodies 

Antibody Specificity Clonality Host Dilution Source 

9E10 Myc Myc tag monoclonal mouse 1:30 

supernatant from 

hybridoma 

cultures 

12CA5 HA HA tag monoclonal mouse 1:30 

supernatant from 

hybridoma 

cultures 

ANTI-FLAG® M2 

(F1804) 
Flag tag monoclonal mouse 1:2000 Sigma-Aldrich 

LexA Antibody 2-12 LexA monoclonal mouse 1:300 Santa Cruz 

Pgk1  

(CSB-PA00035A0Rb) 
Pgk1 polyclonal rabbit 1:2000 Cusabio 

Goat anti-mouse HRP mouse IgG polyclonal goat 1:30000 Thermo Fisher 

Goat anti-rabbit HRP rabbit IgG 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 

method453–455. The one-step PCR-mediated technique456–458 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 approach419. 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 PvuII digestion and in vitro cloning to invert pVID22:VID22-13Myc 

direction such that LEU2 selection marker is placed downstream. Mutagenesis of the 

SKN7 promoter was accomplished through the ‘Delitto Perfetto’ strategy412,459 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, 2mM dATP) and with tailed primers 
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carrying homology towards pGREG535. Mutant alleles were cloned in vivo by gap 

repair460 in the recipient vector linearised with SalI. 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 repair460 in both bait pEG202 and prey pJG4-5 

plasmids linearised with BamHI + EcoRI and EcoRI + XhoI, 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 DifcoTM; 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 

(50μg/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/μL, 250ng/μL or 500ng/μL 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 DifcoTM; 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-β-D-galactopyranoside. For 

TMPyP4 (Sigma) treatment, overnight cultures grown in liquid glucose-containing 

synthetic-defined media were diluted in fresh media supplemented with 100µM 

TMPyP4 and grown at 28°C in the dark. The OD600 of the treated cultures was 
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measured every hour for 8 hours. Cell cycle progression was monitored by flow 

cytometry415 and analysed with FlowJo v10 software33. 

7.3 Spot assay 

Qualitative growth tests were performed starting from dilution of log-phase yeast 

cultures to 2×106 cells/mL (OD600 0,06). Three 10-fold serial dilutions were 

prepared for each strain and 8μL 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/μL, 250ng/μL or 500ng/μL 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 2×108 log-phase yeast cells with High Pure RNA 

Isolation 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 20μL/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 20μL 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 (2μL 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 1000×g 

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 HHT2 internal standard by subtracting their respective cycle 

thresholds (ΔCt). This difference was then subtracted to that of the reference sample 

(ΔΔCt) and the obtained value utilized as the negative exponent of 2 (2-ΔΔCt). 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 described263. 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 4×106 cell/mL and grown 

at 28°C until they reached a density of 1.5–2×107 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 5×108 log-phase cell pellets were 

resuspended in 600μL 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 

600μL acid-treated glass beads (425-600μm, 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 

16000×g for 30min at 4°C, pellets were resuspended in 300μL 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 300μL ChIP lysis buffer and two 

refrigerated centrifugation steps at 9000×g for 5min and 15min, respectively, input 

samples were collected (1/20 of total volume). Supernatants were then incubated 

with 30μL/sample Dynabeads™ Protein G (Invitrogen) functionalised with 12,5μg 

appropriate primary antibody (Table 7.1.4) for 2h at 4°C on rotation. Washing steps 

and reverse crosslinking were performed as previously described461. Input and 
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immunoprecipitated DNA was purified using Wizard® SV Gel and PCR Clean-Up 

System (Promega) and elution performed in 60–80μL nuclease-free water. DNA was 

quantified with Qubit 4 Fluorometer using Qubit dsDNA HS Assay kit (Invitrogen) 

to approximately 0.5–1 ng/μL in the input and 0.1–0.5ng/μL in the 

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

7.6 qPCR analysis 

qPCR 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 25μL 

reactions containing ready-to-use Quantitative Master Mix with SYBR® Green 2× 

GeneSpin (with Xtra Taq Pol, dNTPs, MgCl2 and stabilizers optimized for use in real 

time PCR amplification), primers (130-200nM) and template (2μL 1:100 input or 

undiluted immunoprecipitated DNA) or in 20μL reactions containing ready-to-use 

Luna® Universal qPCR Master Mix 2× NEB (allowing quantitation of target DNA 

sequences using the SYBR®/FAM channel and containing Hot Start Taq DNA 

Polymerase), primers (350-390nM) and template (5μL 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 1000×g 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 PfaffI 

method462 from the difference between immunoprecipitated and input cycle 

threshold values (after correcting for input sample dilution) of the target gene and 

the HHT2 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 extraction463. 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 4×106 cell/mL and grown at 28°C until they reached 

a density of 1.5–2×107 cell/mL before being harvested, washed and frozen at -80°C 

until further analysis. Approximately 5×108 log-phase cell pellets were resuspended 

in 500μL Inhibitor Buffer (50mM Tris-HCl pH 7,5; 150mM NaCl; 5mM EDTA pH 8,0; 

0,1% Triton X-100; 50mM NaF; 10mM β-glycerophosphate; 1mM 

phenylmethylsulfonyl fluoride Sigma; 1mM Na3VO4; cOmplete Protease Inhibitor 

Tablets Roche of appropriate size and quantity) and 600μL acid-treated glass beads 

(425-600μm, 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 16000×g 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 40µg free tag-specific primary antibody 

(Table 7.1.4) for 2h at 4°C on rotation, and, subsequently, with 40μL/sample 

Agarose Protein G (GeneSpin) bead suspension in 1×PBS, pre-saturated with 
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0,1mg/mL BSA. Following collection of 50μL 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 YHN93 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 β-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 OD600nm 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 27200×g 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-



136 
 

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. 

500μL 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 μL of Vid22 at 0,02mg/mL in 200mM NaCl, 50mM Tris-HCl 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 120 kV, and images acquired with a Ceta 4k×4k 

camera at a nominal magnification of 73.000 corresponding to a pixel size of 1.9 

Å/pix. 169 micrographs were recorded within a defocus range of -1,0μm to -3,5μm, 

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 -1,3μm to -2,5μm and 23.664 particles were picked with a Laplacian-of-

Gaussian protocol with a radius range within 100Å-200Å. 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 16Å, 

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 

data285. 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 algorithm418, using SeaView user interface466. 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 a local 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 2Å 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 (C7GRW6). 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 

I 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.   

  



172 
 

 



173 
 

 



174 
 

 



175 
 

 



176 
 

 



177 
 

 



178 
 

 



179 
 

 



180 
 

 



181 
 

 



182 
 

 



183 
 

 



184 
 

 



185 
 

 



186 
 

 



187 
 

 



188 
 

 



189 
 

 



190 
 

 



191 
 

 



192 
 

 



193 
 

 



194 
 

 



195 
 

 



196 
 

 



197 
 

 



198 
 

 



199 
 

 



200 
 

 



201 
 

 

  



202 
 

10.2 Spotlight on G-quadruplexes: from structure and modulation to 

physiological and pathological roles 

I 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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