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Abstract

Previous studies have identified Cockayne Syndrome B (CSB) as a helicase that can resolve
non-canonical DNA structures, called G-quadruplexes (G4s). The aim of this study is to
investigate the properties of CSB as a G4-binder and -resolvase, and examine the correlation
between the G4-helicase activity of CSB and premature ageing phenotype observed in CSB-
deficient cells. Accordingly, the recombinant CSB full-length protein (FL) and its helicase-
“like" domain (HD) were respectively expressed from insect and bacterial cells, and their
resolvase and binding activities were tested over a large panel of DNA substrates. Native gel
analysis and biophysical characterisations revealed that ribosomal DNA (rDNA) sequences,
that typically act as CSB substrate, can form intermolecular G4s. We discovered that
intermolecular G4s were strongly bound by CSB with picomolar affinity, whilst negligible
binding to intramolecular G4s was observed. In vitro and cellular data demonstrated that G4-
ligands can compete with CSB for binding to intermolecular IDNA G4, which results in CSB
being displaced off the nucleoli of cells upon treatment with G4-ligands. Immunostaining
with the selective G4-antibody BG4 revealed a lack of BG4-staining in the nucleoli of CSB-
deficient cells after exogenous expression of recombinant CSB, further corroborating the
hypothesis that CSB can bind intermolecular tDNA G4s in the nucleoli and compete with
BG4 for the binding of such DNA-substrate. The work presented in this thesis allowed us to
observe that (I) intermolecular G4s are likely to form from long-range distant rDNA
sequences within the nucleoli of cells, and (II) CSB specifically binds and resolves these
structures. Our results provide the first evidence of an endogenous protein that specifically
interacts with intermolecular G4s, suggesting potential biological significance of these
structures. The biological relevance of intermolecular rDNA G4s could be key in rare genetic
disorders like Cockayne Syndrome, where senescence and premature ageing is observed when

CSB is functionally mutated.
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Chapter 1

1 Introduction



1.1 DNA Structure and Heterogeneity

Deoxyribonucleic acid (DNA) is a macromolecule that carries the genetic information that
plays essential roles in the life of all living organisms, including humans, bacteria, and
viruses. A single strand (ss) of DNA contains one of four possible nitrogen bases: the purines
Adenine (A) and Guanine (G), and the pyrimidines Thymine (T) and Cytosine (C) (Figure
1.1A). The four bases establish unique interactions where A pairs with T, and C with G
(Figure 1.1B). Each base is also attached to a sugar moiety functionalised with a phosphate
group to form a nucleotide (Figure 1.1A). Nucleotides can polymerise one with the other to
form long chains of ssDNA. When two complementary strands of DNA interact through
hydrogen bonds between the bases, they coil around each other to form a right-handed spiral
called double helix (Figure 1.1C). The first model of the DNA’s a-helix conformation was
proposed in the early 1950’s by R. Franklin, J. Watson and F. Crick. The suggested model is
known as ‘Watson-Crick DNA topology’ (Figure 1.1B and C) and it represents most of the
DNA found in the nucleus of all eukaryotic cells @*. The double helix described by Watson
and Crick is also known as the B-form of DNA. The characteristic features of the B-form are
a helical diameter of approximately 2 nm, a rise of 0.34 nm per base pair, and each helical
twist corresponds to 10 base pairs (bp) per turn (Figure 1.1C). The cellular DNA is generally
very long, which can extend up to 2 meters. Therefore, DNA is packaged in a compact form
that allows its containment into the cell. The fundamental units of eukaryotic DNA packaging
are known as nucleosomes 4-®. Nucleosomes consist of a histone core, formed by two pairs of
each of the histone proteins H2A, H2B, H3, and H4, that is surrounded by double stranded
DNA. Approximately 150 bps of dsDNA are wrapped around each histone core 9,
Nucleosomes are then organised into higher-level compaction by H1 histone-associated
proteins . The high degree of compaction reduces the DNA accessibility and ensures
maintenance of an inactive state of DNA, also called heterochromatin. The organisation of the
nucleosomes across the genome is highly dynamic and regulated by specific factors and post-
translational modifications that allow the continuous transition of the DNA between
heterochromatin and euchromatin, the latter being a more accessible and relaxed state of
chromatin. Open and more accessible single stranded (ss) DNA regions are associated to
active processes where cellular machineries, for instance, replication or transcription factors,

can interact and modulate the activity of a particular gene (%1,



In addition, depending on the base composition of specific genomic sequences, such as the
presence of repetitive regions or high CG content, the more accessible ssDNA topology can
be rearranged into non-canonical DNA secondary structures ¥, For example, G-
quadruplexes (G4s) 1319, triplex DNA (9, and i-motifs !”) (Figure 1.1E-G) have been shown
to have crucial roles in gene expression regulation and other essential cellular processes (e.g.

replication, transcription and translation) !%).
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Figure 1.1. DNA structures. (A) Each single nucleotide that constitutes the DNA filament is made by

Diffraction Pattern

three components: a nitrogen base (i.e. Adenine, Thymine, Guanine, or Cytosine), a deoxyribose
sugar, and a phosphate group. This representation was redrawn and adapted from Pray et al. . (B)
Representation of the nucleotides interacting with each other through hydrogen bonds (H-bond).
Adenine (A, blue) interacts with Thymine (T, green), while Cytosine (C, red) interacts with Guanine
(G, purple). (C) Crystal structure of a dsDNA fragment (PDB ID: 1D28, 2.70 A-resolution) ®?. (D) X-
shape or distorted thombus of the X-ray diffraction partner of DNA obtained by R. Franklin (adjusted
from Thompson et al.) @Y. (E) Crystal structure of a G4 structure (PDB ID: 2HBN, 1.55 A-resolution)
@2 (F) Crystal structure of a triplex DNA (PDB ID: 1D3R, 1.80 A-resolution) . (G) Crystal
structure of an i-motif (PDB ID: 1CNO, 2.20 A-resolution) ?%.
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1.2 G-quadruplex DNA Secondary Structures

G-quadruplexes (G4s) are non-canonical DNA (or RNA) secondary structures that can arise
from single stranded (ss) guanine-rich DNA sequences ®°2%. In 1962, M. Gellert and
colleagues reported the first evidence of aggregation of guanylic acid (GMP). Examination of
the optical properties and the X-ray diffraction pattern of these aggregates (Figure 1.2A)
suggested helical formation by the GMP where four guanines (Gs) interact with each other
through hydrogen bonding. Based on this data, the authors proposed a unique association of
the four Gs that results in the formation of a planar tetrameric structure, which can stack one
on top of another to form a stable helical aggregate ?”). Later, D. Sen and W. Gilbert used
synthetic ssDNA sequences extracted from G-rich immunoglobulin (Ig) switch regions to
observe the formation of aggregates able to move towards higher molecular weight on a non-
denaturing gel under physiological salt conditions. These results further suggested that the G-
rich sequences were associated in tetrameric inter-strand aggregates, referred to as G4s @,
Moreover, fibre diffraction analyses confirmed that Hoogsteen hydrogen-bonding and cations
coordination between the Gs stabilise the four G-rich strands, thus forming a characteristic

planar tetrameric structure, also known as G-tetrad ®®, which is the core element of a G4

structure.

The first crystal structure of a telomeric G4 (Figure 1.2B and C) *® confirmed that ss G-rich
sequences containing at least one G-stretch can form G-tetrads, and that two or more G-
tetrads can stack one on top of the other generating the G4 scaffold (Figure 1.2D and E) (319,
Oxygen atoms (O) of Gs are oriented to the center of each G4-tetrad. Consequently, the
resulting G4 scaffold presents a tubular empty space in the center, named ion channel. When
an alkali metal cation is placed in this ion channel, it interacts with the O atoms promoting the
stabilisation of the G4 structure ®%. Different monovalent cations have different efficiencies
in stabilising G4 structures. Specifically, K™ is the most potent stabiliser compared to Na®,

Rb*, or Li*, which is the least effective cation promoting G4s stabilisation (143D,
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Figure 1.2. G4s formed from ss G-rich sequences. (A) X-ray diffraction pattern of a 5’-GMP. Image
taken and adapted from M. Gellert et al. ®”. (B) Model of two telomeric G-tetrads (A and B) stacked
3’ to 5” with an unmodified TTA loop modelled to link them (modified from Parkinson et al. ¢%). (C)
Model of the human telomeric G4 where four G-tetrads stack one on the top of the other (A to D) and
a fifth G-tetrad (E) is folding onto the stack (adapted from Parkinson et al. ®). (D) Schematic
representation of a G4 structure arising from a ss G-rich sequence with a zoomed G-tetrad. (E). In
each G-tetrad, four guanines (showed in pink) are associated through Hoogsteen hydrogen bonds

(lanes between Gs). Stabiliser monovalent cations are represented as red spheres ©%.

1.2.1 G-quadruplex DNA Structural Features

Numerous in vitro studies revealed that G4s can adopt different conformations, depending on
the length and composition of the G-rich single stranded sequence of DNA used. Moreover,
environmental conditions, such as local molecular crowding or the presence of different metal
cations, can influence the topology of G4s making the structures very heterogeneous /83233,
G4s could be potentially formed from a single G-rich sequence, classified as unimolecular or
intramolecular G4s (Figure 1.3A). Typically, a unimolecular G4-forming sequence is

described as:



G3+N1.7G3+N1.7G3+N1.7G3+ G439

Where the number of Gs in each G-tract should be >3 4339 while N is any combination of
bases (including G) between 1 and 7 that are not involved in the formation of the G-tetrad but

(323537) " This description has been revised since first

form a loop (Figure 1.3A and B)
proposed as stable G4 structures that contain runs of two Gs (rather than a minimum of 3)
have been reported. Thus, a minimum of two stacked quartets are required, but G4 stability

generally increases with additional quartets %),

When two or more distinct G-rich sequences interact with each other forming a G4 structure,
the G4 is classified as multimeric (dimeric or tetrameric) or intermolecular (bimolecular or
tetramolecular) (Figure 1.3B). In vitro, bimolecular or tetramolecular G4s can originate from
the association of two or four identical or different G-rich sequences ©?), respectively.
However, the cellular environment is enriched of condensed heterochromatin, therefore, the
probability of multiple long-range distant G-rich sequences to assemble has often been
considered highly unlikely. For this reason, most of the G4 research has focused on

intramolecular G4s, with only a few intermolecular G4s biologically characterised to date
(32,39)

Depending on the orientation of the DNA strands, G4 structures can adopt a variety of
topologies. Parallel G4s present all the G-rich strands oriented in the same direction;
antiparallel G4s are characterised by either two strands with opposite directionality or two
strands oriented in the same direction and the other two in the opposite direction; the hybrid-
type (or mixed) topology has only one strand or one G-stretch oriented in an opposite

direction compared to the other three strands or G-stretches (Figure 1.3C-E) (133240,
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Figure 1.3. G4s different topologies. (A) Schematic representation of an intramolecular
(unimolecular) G4, which arises from the same G-rich ss sequence (a, in light purple). The loops are
indicated in green. (B) Schematic representation of an intermolecular (dimeric) G4, which arises from
two different G-rich ss sequences (a and b, in light purple and dark purple, respectively). The loops are
indicated in green. (C) Schematic representation of a parallel intermolecular (tetrameric) G4, where all
the strands (a, b, c and d, in light purple, dark purple, blue, and light blue, respectively) are oriented in
the same direction. (D) Schematic representation of an antiparallel intermolecular (dimeric) G4, where
the ss G-rich sequences (a and b, in light purple and dark purple, respectively) are oriented in opposite
directions. (E) Schematic representation of a hybrid-type (unimolecular) G4, where three G-stretches

are oriented in parallel and the other one in antiparallel (in a, light purple).

1.2.2 Methods to Assess G-quadruplex Topology and

Structural Conformation

Over the years, numerous methods have been developed to study the formation of G4s and
their structural features. For example, ultraviolet (UV) spectroscopy is used to confirm the

formation of a G4 by analysing the typical UV curves obtained at 295 nm “!#2_ Moreover,



circular dichroism spectroscopy (CD) can be used to understand the nature of the G4-
topology®’. Despite the UV and CD techniques allowing for a rapid assessment of the G4
formation and its main conformational characteristics, only NMR spectroscopy and X-ray

crystallography allow to fully characterise the G4 structures with atomic resolution >4,

ULTRAVIOLET (UV) SPECTROSCOPY

UV-spectroscopy is a technique used to confirm the formation of G4 structures and evaluate
their stability. Commonly, the maximum absorption wavelength of nucleic acids is observed
at 260 nm. A difference of approximately 25% of absorption is observed between folded or
unfolded (melted) dsDNA. Contrarily, the absorption difference between folded and unfolded
G4s is not so evident and the precise determination of melting temperature of G4s is not
accurate when recorded at 260 nm. The quality of the G4 melting profiles was optimised by
Mergny and colleagues who observed a 50% change in absorbance amplitude using a
wavelength of 295 nm “¥. Although absorbance of the G4 structure at 295 nm is lower
compared to its absorbance at 260 nm, G4s undergo a hypochromic shift (i.e. decrease in the
UV absorbance) at 295 nm upon melting (Figure 1.4A). Measurements of melting profiles
under various conditions allow to characterise the G4 structure and determine the
thermodynamic parameters that influence its formation and stability . Subtraction of the
UV spectra above and below the G4 melting temperature such as, 90 °C and 20 °C,
respectively, allows the generation of a thermal difference spectrum (TDS), which is unique
for each type of nucleic acid structure. A typical TDS of G4s is characterised by a negative
peak at 295 nm and positive peaks approximately at 240 nm and 270 nm (Figure 1.4B). The
negative peak is usually less intense for parallel G4s compared to that of the antiparallel one.
The main drawback of this technique is that other DNA secondary structures can form the
negative peak at 295 nm for instance, i-motifs, Hoogsteen duplexes, and pyrimidine triplex
structures. Consequently, UV spectroscopy alone is not sufficient to prove G4-formation,

which should be confirmed by additional techniques “*4%.

CIRCULAR DICHROISM (CD)

Circular dichroism (CD) is an absorption spectroscopy originated when linearly polarised

light passes through optical active chiral molecules. The chiral molecule can preferentially
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absorb a right- or left-hand direction of the circularly polarised components and this
difference in absorption can be measured “%. CD spectroscopy has been widely used to
determine the secondary structure of proteins and it is one of the primary methods used to
validate the formation of G4s in potential G4-forming sequences and to determine the
topology of G4 structures. Indeed, unique CD spectral signatures are associated to the
different orientation of the strands that constitute the G4 structure “%*®). Further, observation
of multiple G4s of known topologies allowed to establish key CD spectral signatures, which
have been widely accepted for the characterisation of G4s (Figure 1.4C):

~264 nm max, =245 nm min is associated to parallel topology;
~295 nm max, =260 nm min identifies the antiparallel topology;

~295 nm max, =260 nm max, ~245 nm min defines the hybrid G4,
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Figure 1.4. Methods to assess G4 topology and conformation. (A) UV denaturation profile
(hypochromic profile) of a G4 structure. Figure adapted from Matgowska et al. “?. (B) Thermal
difference spectrum (TDS) of a G4 structure. Figure adapted from Matgowska et al. “?. (C) Reference
CD spectra referring to parallel (black), hybrid-type (red), and antiparallel (green) G4s. Figure adapted

from R. del Villar-Guerra et al. “?.



NUCLEAR MAGNETIC RESONANCE (NMR) and X-RAY
CRYSTALLOGRAPHY

Nuclear Magnetic Resonance (NMR) spectroscopy and X-ray crystallography are distinct
methods used to investigate the structural conformation of molecules. NMR spectroscopy
analyses the alignment of the nuclei in an atom by using strong local magnetic fields, while
X-ray crystallography determines the three-dimensional structure of a crystallised molecule
using X-ray diffraction “*. To obtain the desired structural information, the two techniques
require kinetically stable homogeneous species in solution. Importantly, the presence of
multiple species in the same solution decreases the probability to obtain accurate information.
To overcome this limitation, the G4-forming sequence can be modified to promote the
formation of a unique and stable G4 structure in solution, however, using a non-endogenous
sequence may bias the structural analysis. Indeed, various structures can be resolved after
mutations of a G4-forming sequence that may differ from endogenous ones. Therefore, the
results obtained from NMR and X-ray analyses need to be carefully evaluated based on such

commonly introduced artificial mutations 2.

Nevertheless, thanks to these techniques, many G4s structures have been characterised over
the years. For example, in 2004 Phan and colleagues reported the NMR structure under K*
stabilisation of a very stable intramolecular parallel G4 that originates from the G-rich
promoter region of c-myc oncogene “7*® named c-MYC G4. More recently, Stump and co-
workers reported the crystal structure of the same c-MYC G4, which is, overall, in agreement
with the previously reported NMR structure (Figure 1.5A and B) “9). As indicated by Stump
and colleagues, the main difference between the NMR and the crystal structures resided in the
5’-head of the G4, where the crystal structure showed a more extended 5’-head compared to
that of the NMR structure (Figure 1.5 A and B). The 3’-tail is also more extended in the
crystal structure compared to that of the NMR structure, confirming the flexibility of the 5°-
head and the 3’-tail “°),
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Figure 1.5. Comparison between the NMR and crystal structures of c-MYC G4. This figure has been
modified from Stump et al. “” and shows the overlay of the c-MYC G4 NMR structure (PDB
ID:1XAV, in grey “¥) with the crystal structure (2.35 A) of two independent c-MYC G4s-forming
strands (represented in orange and cyan). The side view is shown in (A) while the top view is shown in

(B).

11



1.3 G-quadruplex DNA Mapping in Chromatin

The ability of G-rich telomeric sequences to form G4s in vitro was first demonstrated in
Tetrahymena and Oxytricha in the late 1980s ©%°D. The increasing number of evidence
demonstrating the formation of G4 structures in vitro under physiological salt conditions has
prompted the research community to develop new methods to visualise and map endogenous
G4s also in human cells. Therefore, different techniques have been recently developed to
predict, visualise, and assess G4s across the genome of multiple species. These studies
suggested that the G4 structures are not randomly distributed across the genome of different
species, but rather enriched in specific functional regions such as telomeres and repeat
expansions associated with diseases and gene-promoters. In addition, the high evolutionary
enrichment of these structures might reflect their biological roles in regulating essential

cellular pathways, and potential as novel targets for therapeutic intervention.

1.3.1 Computational Prediction

The first algorithm able to predict putative G4-forming sequences (PQSs) in a genomic
context was Quadparser, developed by J. L. Huppert and S. Balasubramanian in 2005 ©%.
Quadparser is based on the folding rule G3+Ni1.7G3+N1.7G3:N1.7G3+ 335 described in Section
1.2.1. One year later, J. Eddy and N. Maizels reported a similar approach to predict the ability
of a PQS to form G4 structures, which is also based on the recurrence of repeating G units
(n>3) ©?. These computational approaches predicted over 370,000 PQSs in the human
genome . Further, these methods not only detected enrichment of G4s at telomeres, but also
at immunoglobulin gene class-switch recombination sites and other regulatory regions, such
as promoters of genes and oncogenes where the chromatin is open and G4s may be involved
in transcriptional regulation > 323 These algorithms can directly predict the potential G4
formation from the primary DNA sequence, giving a simple ‘yes’ or ‘no’ answer based on a
fixed number of possible consecutive G-tract numbers (4) and length (>3) or on a limited
maximum loop size (Ni-7). However, the algorithms do not consider other genomic or
functional parameters (like molecular crowding or base modifications), therefore, these

approaches can only provide a global picture of the G4-landscape. In fact, many sequences
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not detected have been demonstrated to form G4s in vitro (false negative), while few

sequences predicted to form G4s do not (false positive) ©¥.

More recently, J-L. Mergny and colleagues developed a different algorithm, called G4-
Hunter. G4-Hunter predicts the potential of a genomic sequence to form G4 structures by
providing a score of the G4-propensity as output. Such G4-score is calculated based on G-
richness and G-skewness of a given sequence, where richness is the number of Gs in the
sequence, while skewness is the G/C asymmetry between the complementary strands.
Moreover, G4-Hunter allows the optimisation of the search by choosing different thresholds
and window values. Despite the significantly higher number of stable G4s predicted with this
algorithm (2-10 times) compared to that predicted by previous computational approaches, G4-
Hunter is also a context-independent approach that predicts stable G4-formation without

considering the grade of stability given by loops and genomic localisation of the G4-structure
(54)

1.3.2 High-throughput Sequencing of G-quadruplexes
(G4-Seq)

Ten years after the development of Quadparser, S. Balasubramanian’s group introduced a
high-resolution sequencing-based method to experimentally detect G4s in the human genome,
which allowed to overcome limitations associated with the use of computational approaches
to detect G4s on a genomic scale 3. High-throughput sequencing of G4s (G4-Seq) is used
for mapping the formation of G4 structures within single stranded purified human genomic
DNA sequences, and relies on polymerase stalling ©®® in the context of next generation

sequencing 7).

Polymerase stop assays have been widely exploited to show the ability of G-rich sequences to
form G4 structures under stabilising K* conditions ®¥. This assay leverages the presence of a
G4 in a ssDNA template to act as a knot blocking the activity of a DNA polymerase in
processing the template, stalling DNA synthesis in a G4-dependent fashion. By gel
electrophoresis, the prematurely terminated DNA products run faster than fully elongated
ones do. Therefore, this assay allows a rapid assessment of G4-formation on a gel and

analyses the conditions that affect their formation and stability (Figure 1.6A) ©%%),
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In addition to polymerase stalling, G4-Seq relies on a modified version of the classical
[llumina next generation sequencing. In a standard Illumina sequencing experiment, the DNA
or RNA sequences are prepared through fragmentation of genomic DNA to a desired length
(usually 100-5,000 bp). Oligonucleotide adapters are then attached to the end of the target
sequences, while the ligated fragments are PCR amplified and gel purified to generate a
sequencing library. This library can be attached to a surface through complementarity with the
adaptors and amplified through bridge amplification cycles. Finally, the amplified library is
sequenced through a sequencing-by-synthesis (SBS) method where, after the addition of
primers, the templates are sequenced by repeated cycles of polymerase-directed single base
extension using nucleotides with base-specific fluorescent markers (i.e. Illumina Sequencing)
39 In a G4-seq experiment, the templates are sequenced twice. The first sequencing (read 1)
is the accurate sequencing of the template that would normally be performed during the
standard Illumina sequencing using a mid G4-stabiliser Na" buffer, while the second run (read
2) is performed under conditions that promote G4 formation such as the use of K" buffers or
after addition of molecules that stabilise the G4 structures. The formation of a G4 structure
arrests the polymerase extension and results in mismatches between reads 1 and 2, with
reduced sequencing quality from the G4-forming point to the end of the sequence, which can

be used to detect genomic fragments capable to fold into stable G4s (Figure 1.6B) ©>37),
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Figure 1.6. G4 structures block the polymerase processivity. (A) Representation of a polymerase stop
assay. In absence of a G4 structure (left), the template DNA is fully elongated by the DNA
polymerase, generating fully elongated products. Contrarily, the template DNA (right) forms a G4
structure (in purple), which impedes the DNA polymerase elongation, where only stopped products
are obtained. All the products could be separated by gel electrophoresis, where the early stopped
products generate bottom bands that run faster than the fully elongated ones do, which are observed at
the top of the gel. (B) Schematic representation of the G4-Seq method. The first sequencing run (read
1) uses primers (in green) to allow the elongation of the DNA polymerase and provides a first reading
of the template DNA. Then, the product is removed from the reaction and followed by the second
sequencing run (read 2) after the addition of the primer alongside with either the G4-stabiliser ligand
or K" stabiliser cation. These conditions promote the folding of the G4 within the template DNA with
consequent stalling of the polymerase that starts to insert mismatches during the sequencing. Finally,
during the mismatch analysis, the two reads are aligned and compared to identify the G4-forming
region by looking at the base mismatches between reads 1 and 2. Figure B is a modification of Spiegel

et al."> and Marsico et al. “” figures.
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The number of G4s detected by G4-Seq is over 700,000 and considerably exceeds the
computational PQS predicted by Quadparser. This number includes G4s formed within
functional regions such as 5'-untranslated regions (5’-UTR) and splicing sites, as well as G4s
detected within many genes that have few or no PQS such as brcal, brca2, and map3k8,
which are important cancer-related genes. High G4 density has been also found in oncogenes
such as myc, tert, aktl, fgfr3, and bci2ll underlying a link between G4s and cancer 3.
Interestingly, G4 formation has been detected between sequences that highly deviate from the
canonical G4-forming sequence described in Quadparser, such as G4s with long loops or with
discontinuous G-tetrads that form bulges, which cannot be detected by computational
predictions (336D Evidence for the existence of non-canonical G4s further underlines the

complexity of these structures and the uncertainty about their specific biological role(s) in

cells and in vivo, which is yet to be fully unravelled.

An improved version of G4-Seq, which includes the use of Li" instead of Na" for the first
sequencing (read 1) run, allowed G. Marsico and colleagues to generate whole genome G4
maps for 12 species, including Auman, mouse, E. coli, zebrafish, and other model organisms
and pathogens, with the aim to elucidate global G4-formation across species for the
generation of improved predicting tools ©?. Interestingly, this analysis revealed a lack of G4s
in bacterial and yeast genomes, suggesting that their formation might have been lost during
the evolution. However, the same G4-Seq upon stabilisation with G4-ligands revealed the
formation of G4s also in yeast and bacteria genomes, suggesting the potential to form G4s and
their possible impact in cellular processes. Contrarily, higher species such as human and
mouse present strong G4 enrichment at promoters and transcription start site (TSS) regions. A
similar enrichment was also observed in the evolutionary distant Trypanosoma, suggesting

similarities between human, mouse, and Trypanosoma species ©0).
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1.4 G-quadruplex Visualisation in Cells

Despite G4-Seq helped to detect G4s formation within purified DNAs and generate G4-maps
for multiple species, over the years the lack of direct evidence proving G4-formation within
cells always raised criticism about the ability of these structures to actually form under
physiological cellular conditions. Therefore, it has been necessary to develop techniques to
detect and visualise G4s in cells to fully understand the processes associated to these
structures, their distribution, and dynamics in physiological contexts. To date, many tools rely
on the widely accepted use of BG4 antibody that specifically recognises and binds G4
structures . However, the main issue associated with BG4 is the need to fix the cells before
applying the antibody, which could artificially perturb the G4 landscape. Therefore, there has
been significant interest in generating new methods to visualise G4s in living cells. Recently,
the generation of new probes for fluorescence lifetime imaging microscopy ©**Y and the
development of small molecules for living-cell single-molecule fluorescence imaging of G4s
under non-perturbative conditions %, allowed to visualise G4s in real-time in living cells.
The ability to visualise G4s in living cells not only confirms their dynamic formation but will

also help to characterise the precise activity of individual G4s within the human genome 3.

1.4.1 BG4 Antibody

In 2013, the screening of an antibody phage display library ¢® composed of 2.3 x 10'° single-
chain antibody clones over a panel of intramolecular G4s, allowed G. Bifti and co-workers to
isolate BG4, the first engineered structure-specific antibody that specifically binds G4
structures and can be used to visualise their formation in human cells ¢?. The ability of BG4
to interact with intramolecular and intermolecular DNA G4s has been tested through enzyme-
linked immunosorbent assay (ELISA) (see section 2.2). The calculated dissociated constants
(K4) were in the 0.5-2.0 nM range, indicating a high affinity of BG4 for all the G4s tested,
including parallel (c-MYC, c-KIT1 and c-KIT2), anti-parallel (SPB1 and TBA), and hybrid-
type (hTELO). Negligible binding was detected to RNA hairpin, ssDNA or dsDNA (2,
Subsequential binding and competitional analysis of BG4 confirmed its specificity for G4
DNAs and G4 RNAs 7, and its ability to bind both intramolecular and intermolecular G4s

with a slight preference for parallel over antiparallel G4 conformations ®. Given the
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specificity of BG4 for binding G4 structures, this antibody has been heavily used for G4
visualisation in cells using fluorescence microscopy, and to map endogenous G4 structures in
chromatin of fixed human cells through chromatin immunoprecipitation followed by high-

throughput DNA sequencing (ChIP-Seq) experiments.

1.4.2 G-quadruplex Visualisation by Fluorescence

Microscopy

As mentioned, the BG4 antibody has been heavily used for immunofluorescence staining of
G4 structures within fixed human cells. BG4 has been designed with a Flag epitope tag,
which could be recognised by a secondary fluorescently labelled antibody, generating a
fluorescent signal that can be observed by confocal microscopy indicative of the presence of a
G4 structure 267, The immunofluorescence results showed punctate nuclear staining in
presence of BG4, which is not observed in the absence of the primary antibody (Figure 1.7A),
indicating that G4s mainly localise in the nucleus of cells ®». To confirm the ability of BG4
to target G4s in human cells, cells were either treated with DNase or transfected with pre-
folded G4s or single stranded oligonucleotides. The number of punctate nuclear staining
strongly decreased after treatment with DNase, whilst an increased number of BG4 foci was
observed in cells transfected with pre-folded G4s. Moreover, no changes were observed in
cells transfected with ssDNAs, corroborating the cellular targeting of G4s by BG4 antibody.
Immunofluorescence experiments showed that G4 formation is highly modulated during the
cell cycle with the maximum number of BG4 foci when cells are replicating (during the
cellular S phase). These results confirmed G4 formation mainly during DNA replication,

when the DNA is single stranded and more easily folded into secondary structures ©¢2).

BG4 antibody has also allowed to visualise RNA G4 structures within the cytoplasm of
human cell lines 7. The intense nuclear BG4 foci observed by fluorescence microscopy were
obtained with short exposure times. Interestingly, longer exposure times identified BG4
staining throughout the cytoplasm of cells (Figure 1.7B). Such cytoplasmatic staining
disappeared when cells were treated with RNase A before fixation, while negligible reduction
was observed with Dnase treatment, confirming that G4s can be detected within the human
transcriptome ¢”. Different fixation protocols (such as the use of formaldehyde or ethanol)

have been tested to prove that fixation had no impact on the results and cytoplasmatic foci
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observed. However, the possible influence of the fixative on the DNA and RNA G4-

landscape is something that cannot be excluded ¢7.

Although BG4 allowed to obtain direct evidence of G4 formation within cells, real-time
detection of G4 formation in living cells is not possible using antibodies. As mentioned in
Section 1.4, alternative approaches could be used to overcome these limitations. One valid
approach was developed by M. K. Kuimova and R. Vilar. This approach relies on chemical
probes that can change their fluorescence lifetime upon binding to different nucleic acid
structures, which can be measured by fluorescence lifetime imaging microscopy (FLIM)
6364 Specifically, DAOTA-M2 was developed as a low cytotoxic molecule with good live
cell permeability and a significant different lifetime when bound to G4s (9—12 ns) compared
to that of dsDNA (5-7ns) or RNA (7-11ns) (Figure 1.7C) 369 Longer lifetimes
[11.1+0.7 ns] were observed after depletion of DNA helicases such as FancJ, which resolves
G4 structures, compared to those of control cells [10.5+0.7 ns], confirming the ability of
DAOTA-M2 to monitor G4-distribution in live cells ¢, One of the main limitations of this
technique is the high (uM) concentrations of probe required for the analysis. The high
concentration of probe could indeed influence the dynamics of the G4-landscape or promote
their formation . More recently, M. Di Antonio and co-workers developed a non-toxic G4-
fluorogenic probe, called SiR-PyPDS, which can be used for single-molecule fluorescence
imaging of G4s in live cells (Figure 1.7D). As further discussed in Section 1.6.1, low
concentrations (nM) of the molecule are sufficient for detecting G4s, preventing any possible
effects on the global G4-landscape. With this approach, approximately 3,000 G4s have been
identified within a single cell. The highest number of SiR-PyPDS binding events was
observed during the S phase, confirming the previous findings made in fixed cells, hence
demonstrating the powerful nature of this method to understand the biological role of G4s in

real time in living cells ).
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Figure 1.7. G4 visualisation in human cells. (A) Fluorescent microscopy image adapted from Biffi et
al. ©» showing DNA G4 localisation as red BG4 spots mainly localised in the nuclei of fixed cells
(some BG4 spots are indicated with white arrows). (B) Fluorescent microscopy image taken after a
long exposure showing RNA G4 staining in the cytoplasm of fixed cells using BG4 antibody. Some
BG4 cytoplasmic foci are indicated with white arrows. This picture has been modified from Biffi et al.
67 _(C) FLIM map of human U20S living cells after staining with DAOTA-M2 (20uM, 24h), adapted
from Summer et al. . The FLIM map of a single nucleus is zoomed-in on the right-side. The colour
gradient bar between 9 nm (red) and 13 ns (blue) represents the different lifetimes. (D) Single
molecule fluorescence imaging of G4s in living cells after staining with the fluorescent probe SiR-
PyPDS. The image has been adapted from Di Antonio et al. . Schematic representation of a cell
(top) with a zoomed-in nucleus where only G4s are bound and stained by the fluorescent probe SiR-
PyPDS. G4 staining in a living U20S cell (bottom) treated with 20 nM of SiR-PyPDS for 30 min (red
spots in the nucleus on the left-side), and the absence of G4 foci in living U20S cells treated with a

control probe SiR-iPyPDS uncapable of binding (right).
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1.4.3 Chromatin Immunoprecipitation Followed by

High-throughput DNA Sequencing (ChIP-Seq)

Evidence that G4s can form in human cells raised many questions about how these structures
can affect chromatin architecture. Therefore, the generation of genome-wide maps of G4s in

cells became increasingly important ©2,

Targeting proteins that are known G4 binders allowed chromatin immunoprecipitation
followed by high-throughput DNA sequencing (ChIP-Seq) to investigate genomic locations of
G4 structures. In 2011, K. Paeschke and co-workers demonstrated that the Saccharomyces
cerevisiae Pifl DNA helicase binds G4 motifs, whereas lack of Pifl causes stalling of the
replication fork with frequent DNA breakages near the G4 regions that are resolved by the
helicase. These results suggested that G4s can form in living cells and, as further discussed in
Section 1.5.2, these structures could block replication if they are not resolved by Pifl ¢,
ChIP-Seq studies by L. T. Gray and colleagues, showed that in human cells, 40% of the
binding sites of the transcription-associated helicases XPB and XPD overlap with G4 motifs,
and the regulation of these structures is associated to cancer signalling and regulatory

pathways 70,

Previous ChIP-Seq on known G4-binding proteins helped to elucidate the role of G4s in the
chromatin context. However, a direct characterisation of the relationship between G4s and
chromatin has been possible only after the development of a G4 ChIP-Seq protocol with the
synthetic BG4 antibody (Figure 1.8A) 27172 Interestingly, this technique revealed
approximately 10,000 G4 peaks, which is a remarkably lower number compared to the
number of G4s computationally predicted ©> or detected by G4-Seq 337D, These results
strongly reflect the influence of chromatin on the G4 landscape, especially considering that
most G4s were detected at promoters of highly transcribed genes and in nucleosome-depleted

regions (Figure 1.8B).
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Figure 1.8. ChIP-Seq using BG4 antibody identifies G4s in high transcribed genes. (A) Schematic
representation of ChIP-Seq protocol described in Hinsel-Hertsch et al. ». The first step requires
chromatin fixation to stabilise DNA-nucleosome interactions. Nucleosomes are represented as purple
rounded molecules. Then, the chromatin is sonicated to generate short fragments of 100-500 bp. The
sample is then treated with RNase A and blocked with BSA prior to adding BG4 antibody (represented
in brown), which has been previously attached to magnetic beads (represented with a black sphere) to
allow immunoprecipitation. Beads are washed to remove unspecific interaction and the
immunoprecipitated sample is treated with protease K and reverse cross-linked. Finally, the library for
Illumina sequence is prepared by fragmentation, addiction of adaptors and PCR amplification. (B)
Schematic representation of the effects that the presence of G4s could have during gene transcription.
Heterochromatic gene promoter in a “closed” status does not allow transcription (transcription off;
top). When the gene promoter is opened, the transcription is generally low (low transcription; middle).
However, when the nucleosome-depleted promoter contains G4 structures the transcription is activated
(transcription on; bottom). This figure has been modified from the figure present in Hiansel-Hertsch et

al. reference V.

Nucleosome-depleted regions are associated with high transcriptional levels, raising the
question on whether G4s arise as a consequence of active transcription, or their formation is

independent from gene expression levels 7'7¥. Very recently, J. Shen and co-workers found
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that G4-formation at gene promoters and their stabilisation with G4-ligands leads to the
retention of RNA Polymerase II (RNAPII). This suggested that G4s could act as a site for the
recruitment of key components of the transcriptional machinery by either direct binding
between RNAPII and G4s or through recruitment of transcription factors (TFs) (2,
Conversely, G4 formation is unfavoured by compacted chromatin, and lack of G4s promoters
is accompanied by loss of RNAPII at the same site 7. In support, ChIP-Seq experiments and
biochemical assays showed that a zinc-finger transcription factor Spl binds the G4 formed
with high affinity within the c-kit promoter %. Similarly, a Myc-associated zinc-finger
protein (MAZ) promotes transcriptional activation through its binding on the G4-forming
sequences present in the kras promoter, while disruption of the G4 conformation causes
down-regulation of kras oncogene expression 7. Altogether these results are consistent with
previous observations obtained in cells deficient for G4-resolving helicases, such as Werner
and Bloom syndrome helicase (WRN and BLM, respectively), which displayed

transcriptional upregulation of predicted G4-forming genes 71+,

Interestingly, only 26% of G4s predicted within nucleosome-depleted regions overlapped
with G4 ChIP-Seq, suggesting that stable G4 formation is influenced not only by the
suppressive role of nucleosomes that inhibits G4s formation, but also additional features are
likely to contribute. For instance, helicases, which resolve these structures, make the G4-
landscape very dynamic and possibly tightly regulated "V, as described in Section 1.7. Such
strict regulation is needed in light of G4s’ enrichment in cancer-related genes and their

association to DNA damage, genome instability, and cancer progression.
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1.5 Biological Role of G-quadruplex DNA

G4s might have different roles in cells, given the different cellular localisation and contexts
where they have been observed. G4s have often been considered as knots in ssDNA
sequences acting like physical impediments to polymerases during replication, transcription,
and translation 7. However, as discussed in Section 1.4.3, ChIP-Seq data revealed that G4s
are enriched at promoters and TSS of highly transcribed genes and in nucleosome-depleted
regions V. Moreover, co-localisation of these structures with histone modifications that are
associated to active genes such as trimethylated histone H3 Lysine 4 (H3K4me3), and lack of
G4s in the presence of trimethylation of histone H3 Lysine 9 (H3K9me3), which is a
modification associated to heterochromatin, suggest that these structures may be involved in
signalling active gene expression '’®. G4-ChIP-Seq in the human genome showed that G4s
can form in unmethylated DNA CpG Islands and co-localise with (cytosine-5)-DNA
methyltransferase 1 (DNMT1) enzyme, which is responsible for the maintenance of the CpG
repressive-methylation marks in human cells 79, SQ. Mao and colleagues, demonstrated
that the methylation activity of DNMT 1, which establishes a repressive state of the chromatin,
is inhibited by G4 formation ®%. G4s might sequester DNMT1 due to the high binding
affinity of the enzyme to these structures (Figure 1.9) ®%, suggesting new roles of G4s in the
regulation of epigenetic modifiers such as DNMT1. G4s might be involved in many other
different mechanisms for epigenetic and chromatin regulations, which are dependent on their
wide and different genome distribution and cellular activities ®V. An overview of the different

roles that G4s could have within the human genome is further presented in this section.
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Figure 1.9. A possible model for the role of G4s in methylation control. This model has been
proposed by Mao and co-workers ®”. Due to its high binding affinity for G4 structures, DNMTTI is
sequestered by G4, and this DNMT1-G4 interaction inhibits the methylation activity of the enzyme in
a similar way as the methylation inhibition is promoted by transcription factors. Contrarily, when

DNMTT1 is not bound to a G4, its methylation activity is active and promotes the heterochromatic state

of the genome. This image has been modified from Mao et al.®?.

1.5.1 G-quadruplex in Telomeres

The end of eukaryotic chromosomes is characterised by single strand overhangs, called
telomeres. The length of human telomeres is around 5-25 kilobases (kb) and consists of
tandem repeats of the hexanucleotide (TTAGGG)an. The 35-600 bases that constitute the 3’-
overhang of telomeres are single stranded and prone to form G4 structures ©!'$28) NMR
analysis of the 22-nucleotides (nt) human telomeric DNA 5-AGGG(TTAGGG)3 sequence
revealed the formation of an intramolecular antiparallel G4 in Na* solution ®Y. However, the
crystal structure of the same 22-nt sequence in K* solution showed a three-tetrad parallel G4
29 Interestingly, further structural characterisations identified that human telomeric
sequences typically form hybrid-type intramolecular structures in K* solution, which are
different from the Na" NMR structure or K" crystal structure ®>. These structural differences
suggested that G4s are very polymorphic at telomeres and such plasticity might reflect

sophisticated regulations mediated by protein interactions ®. Fluorescence microscopy using

BG4 antibody in human cells further demonstrated G4 formation in telomeres (Figure 1.10A)
(62)
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In somatic cells, about 50 to 200 bases are lost at telomeres during each replication cycle,
causing shortening of telomeres with ageing and consequent apoptosis of the cells ®”. One of
the characteristics of the cancerogenic transformation is the re-activation of the enzyme
telomerase. This reverse transcriptase is normally active only in stem cells and inactivated in
somatic cells. After transformation, telomerase is re-activated in 80%—85% of cancer cells
and elongates the telomeric sequences, avoiding telomeric shortening upon replication
(85.88.89) Pivotal studies of Oxytricha nova demonstrated that G4 stabilisation with K* or Na*
inhibits the primer elongation activity of telomerase %, suggesting that G4 structures formed
at telomeric repeats might be targeted by small molecules as new approaches for cancer
therapeutics ®%. Telomerase is composed of two main subunits, the catalytic protein, and a
telomerase RNA. The promoter region of the catalytic subunit of the telomerase, also called
human telomerase reverse transcriptase (hTERT), is enriched of G4 motifs that can form G4
structures . hTERT promoter also contains binding sites for the transcription factor Spl,
which is essential for hTERT expression in several cancer cell lines. Mutational experiments
demonstrated that G4 formation prevents all the promoter regions to be bound by Spl with
consequent inhibition of the telomerase activity “V. Therefore, stabilisation of telomeric G4s
in the hTERT promoter could serve as an additional mechanism to block the cancerogenic cell
growth. Some examples of G4-ligands that induce senescence and apoptosis in human cancer

cells by inhibiting the telomerase activity are presented in Section 1.6.

1.5.2 G-quadruplex in Replication and Genome

Instability

As discussed in Section 1.1, alternative DNA secondary structures, including G4s, are prone

to form when the dsDNA is transiently opened during replication and transcription.

Evidence has suggested that G4s can form during replication and impede DNA polymerases
progression in vitro ©*°¥. As a consequence of the replication fork stalling, cells undergo
increased level of chromosomal rearrangements and recombination, which could be
potentially deleterious ®¥. The first evidence of polymerase impediment by G4s in vivo came
from E. Kruisselbrink and co-workers in their loss of function study of DOGI, a
Caenorhabditis elegans homolog of the human FANCJ helicase known to resolve G4

structures >, A LacZ reporter system containing a C-rich tract in the non-template strand
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(G-stretch in the template strand) followed by multiple stop codons upstream LacZ start
codon, allowed to identify G4-induced genomic deletions through expression of B-
galactosidase. Indeed, only when the deletions remove the C-rich tract and stop codons, the
LacZ start codon results in-frame with the downstream ORF and is actively expressed. PCR-
based analysis of individual worms determined increased accumulation of small deletions
(50-300 nt) at the G4-forming regions only in dog! deficient animals, but not in the WT. This
suggested that DOG1 was necessary to resolve G4s formed during replication. Therefore, in
absence of the helicase, the polymerase is unable to bypass the G4 structure causing the
formation of a ssDNA gap on one parental strand. The other strand maintains the G4 structure
through multiple cell cycles and this generates deletions during each replication round and
double strand breaks (DSBs) (Figure 1.10B), which are normally resolved by two error-prone
DBS repair mechanisms: either a DNA Polymerase theta (Pol 0) mediated end-joining
(TMEJ) ©? or a non-homologous DNA end-joining (NHEJ) ©® with the risk of inserting
mutations or chromosomal aberrations ©>%-199 A very well-known example of a G4-induced
chromosomal translocation occurs between chromosomes 14 and 18, named [t(14;18)], and it
is associated with the development of follicular lymphoma. In particular, the bc/2 locus on
chromosome 18 and enhancer element of the IgH locus on chromosome 14 are fused together,
resulting in overexpression of the antiapoptotic protein, BCL2 (%D, The majority of DNA
breaks within the bc/2 locus occur within a very G-rich region that forms G4s, and cause

polymerase stalling in vitro 1%,

Recently, the progression rates of single replication forks through different G4-containing
sequences have been measured by live-cell imaging in Saccharomyces cerevisiae °®. The
replication rate was calculated using a lacl-GFP and tetR-tdTomato replication assay
containing a G4-forming sequence between the two fluorescent reporters. The ratio between
GFP and tdTomato signals showed a significant reduction of the replication rate in absence of
the helicase Pifl. Contradictorily, the data revealed that the genetic instability caused by the
replication block in absence of Pifl occurs either when the G4s arise on the discontinuous
lagging strand (') or on the leading strand %Y, suggesting that G4s could form on both the

DNA strands during replication and these two possibilities are not mutually exclusive 199,
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Figure 1.10. G4s are involved in different biological processes. (A) Fluorescence microscopy picture

DNA pol

showing G4 formation in telomeres (red signals) of fixed human cells (from Biffi et al. “®). (B) Model
for mitotic inheritance of G4s, which causes accumulation of deletions among proliferating cells
reported by B. Lemmens et al !°?. The presence of a G4 structure blocks the processivity of the DNA
polymerase, causing a local potent block of the synthesis of the nascent strand during replication (1).
Failed DNA replication of the G4-region causes a ssDNA gap in the nascent strand. However, if
the28pposete parental strand also presents a gap due to replication of the stalled template, the presence
of two gaps at the same region generates DSBs (2) which are repaired by TMEJ (3) generating small
deletions (A). Therefore, with the next mitotic cycle, one cell will inherit the deletion, while the other

will receive stable G4 and the ssDNA gap. Figure modified from B. Lemmens et al. reference .

1.5.3 G4-quadruplex and Transcription and Their Role
in Epigenetic Regulation

The negative effects of G4 formation on the replicative machinery have been well
documented by polymerase stop assays in vitro and reporter assays in living cells or in vivo.

Conversely, the effects of G4s on the transcriptional machinery suggest either a disruptive or
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a constructive influence meaning that G4s are associated to either increased or decreased
transcriptional activity (%9, Although initial studies identified G4s as inhibitors of gene
expression, the lack of direct correlations between G4s in promoters and transcriptional
repression cannot certainly prove their role as antagonists of transcription ®. Moreover, the
demonstration that G4s enriched at gene promoters of transcriptionally active genes acted as
transcriptional enhancers rather than repressors ¢V, highlighted the necessity of further

investigations to unravel the role of G4s in transcriptional regulation.

RNA-Seq data revealed that genes containing G4s in promoters, TSS and 5’-UTR regions are
more expressed compared to genes containing G4s at more than 1 kilobase (kb) from the TSS
(106) suggesting that the transcriptional effects of G4s might be based on genomic location
(Figure 1.11A). In vitro studies using T7 RNA polymerase (T7-RNAP) on G-rich repeats (5°-
GGA)4 templates located within the human c-myb proto-oncogene suggested transcriptional
arrest under physiological conditions. Transcriptional blockage was not observed in the
presence of LiCl or after mutation of the G-tract that prevents G4 formation, indicating that
similar to replication, intragenic G4s can act as transcriptional repressors (%7, Conversely,
ongoing studies have shown the role of G4s as transcriptional activator elements when formed
within promoters of genes, upon interaction with some nucleic acid-binding proteins, for
instance, DNMT1 ®%. Other different proteins such as the cellular nucleic acid-binding
protein (CNBP) and non-metastatic cell 2 (NM23-H2) protein, present strong binding affinity
for G4 structures. In vitro and in cells data demonstrated that these two proteins are
responsible for an increased c-myc transcription after interaction with the G4s formed within

the c-myc promoter (198110,

Depending on which strand contains the G-rich tract, during transcription G4 structures could
form either on the template strand (intramolecular G4 DNA) or within the non-template DNA
strand and nascent mRNA (intermolecular G4 DNA:RNA), physically interfering with the
polymerase processivity (Figure 1.11B) 78192 Using a reconstituted T7 transcription model
K-W. Zheng and co-workers reported the first intermolecular DNA:RNA hybrid G4 in a
plasmid system in vitro "'V, To better understand the implication of DNA:RNA G4s in cells,
human HEK293 cells were transfected with a luciferase reporter vector containing a G-rich
NRAS sequence downstream of a SV40 promoter. The luciferase expression was compared to
a control plasmid in the absence of the G-tract. Decreased luciferase expression was observed
only in absence of a recombinant RNase H (''?. Expression of the luciferase was further

reduced in the presence of a G4-ligand, confirming that DNA:RNA G4s are able to stall the
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T7-RNAP processivity !, In contrast, recent in vitro studies demonstrated that R-loop/G4
structures significantly enhance RNAP initiation and elongation only when located
downstream of the TSS in the non-template strand (Figure 1.11C). R-loops are secondary
structures formed when the nascent RNA invades the dsDNA and interacts with the template
strand forming a DNA:RNA hybrid ¥, R-loop formation seems to be favoured by the
formation of G4s within the non-template strand. Experimental evidence showed increased
mRNA level upon formation of these R-loop/G4 structures, opposite to what was observed
when the G4 was located within the DNA template (Figure 1.11C) % Overall, these results
confirmed that the different positioning of G4 structures can result in different transcriptional

outputs.

The findings discussed are examples of how G4s formation might regulate the gene
expression with distinct mechanisms. Since G4 formation in promoters and regulatory regions
is reversible and dependent on chromatin compaction, increasing studies have suggested the
potential role of G4s as epigenetic regulators (Figure 1.11D). For example, it can be
speculated that G4s might represent binding sites for histone-modifying proteins 'V or act as
repressors of the epigenetic silencer DNMT1 to sustain the gene expression ®?. Increasing
evidence suggests that G4s may recruit chromatin remodelling proteins and histone

chaperones such as SWI/SNF and locally promote nucleosome disassembly or reassembly
(115,116)
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Figure 1.11. G4s are associated to either increased or decreased transcriptional activity. (A) Schematic
representation about the different impacts of G4s in transcriptional regulation depending on their
distance from the gene promoter or TSS. When the G4 is found more than 1 kb from the promoter, it
blocks the RNAP processivity, causing a reduction of transcription (upper part). If the G4 is localised
within the promoter region of the corresponding gene, it is bound by G4-binding proteins with
consequent transcriptional activation (bottom part). (B) DNA-RNA G4 hybrids block the transcription
process. Figure adapted from D. Varshney et al. ™. (C) G4 structures within the non-template DNA
(in purple) promote the R-loops stabilisation, which enhances transcription (right-side). G4 structures
within the template DNA (in grey) inhibit the RNAP progression resulting in low transcription. Figure
adapted from C-Y. Lee et al. "', (D) Summary of some transcriptional repressor and activator effects

of G4s within gene promoters and other regulatory regions.

An additional example of the epigenetic regulation given by G4s is within the response to
environmental stress such as guanine oxidation induced by reactive oxygen species (ROS) @V,
G4 structures are highly sensitive to guanine oxidation, which could potentially lead to
deleterious events for the cells, such as cancer and ageing if not correctly repaired !!7-!1®),
However, recent studies demonstrated that 8-oxo-7,8-dihydroguanine (OG) lesions generated

in G-rich gene promoters upon ROS exposure could promote gene activation through base
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excision repair (BER) (%1200 Lyciferase reporter assays in the presence of G-rich VEGF or
NTHLI promoters containing OG bases within their five G-tracts showed formation of an
apurinic site (AP), which is extruded into a loop. This looped G4 structure is recognised and
bound by an apurinic/apyrimidinic endonuclease (APE1), which leads to gene activation by

recruiting transcription factors.

Altogether these findings place G4 structures as an interconnected network between
biomolecules, rather than suggesting G4s as isolated entities limited to act as transcriptional

repressors as previously suggested.
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1.6 G-quadruplex Ligands and Their Role as
Therapeutic Treatment for Cancer

The potential for G4s to be formed at telomeres, promoters and other highly regulated regions
of the genome strongly suggest their implication in cellular processes and consequently, in
human diseases such as cancer and ageing !>3%7"12D_In particular, G4s are more enriched in
promoters of proto-oncogenes compared to promoters of tumour suppressor or regulatory
genes, suggesting that they might be used as targets for anticancer therapies 1?2, Among the
numerous promoters where G4s have been detected, the most studied G4-forming proto-
oncogenes include VEGF 2 bel2 29 kras (29, kit 129 and myc 127. MYC is a
transcription factor involved in the alteration of cell proliferation, metabolism, and immune
evasion during tumour transformation, which is upregulated in around 70% of cancers 25129,
Polymerase stop assays and gene-expression data using luciferase reporters decorated with an
upstream G-rich c-myc promoter, demonstrated that treatment with G4-ligands causes high
polymerase arrest and relevant reduction of luciferase expression 1?7, Similarly, treatment
with G4-ligands caused reduction of the mRNA level of the oncogene kras !*, suggesting

that stabilisation of G4s formed at c-myc and kras promoters impede the transcriptional

machinery to proceed, resulting in a significant down-regulation of these oncogenes.

Therefore, there has been a growing interest in generating G4-ligands that can selectively
interact with myc and other G4s that could potentially act as novel therapeutic and diagnostic
agents to reduce tumour growth (22139 Gomez and co-workers demonstrated that a potent
G4-ligand telomestatin (Figure 1.12A) induces senescence and apoptosis in cancer cells
(3L132) Treatment of HT1080 tumour cell line with telomestatin caused strong stabilisation of
telomeric G4s with consequent degradation of telomeres and delocalisation of POT1 and
TRF2 telomeric proteins from telomeres. This activated a damage response that triggers the
cancer cells to senescence and apoptosis 3. Similar to telomestatin, treatment of human
glioblastoma cells with the G4 stabiliser BRACO-19 (Figure 1.12B) (33 caused displacement
of TRF2 and POT1 and inhibited telomerase activity, leading to senescence and apoptosis of
the cells *¥. Pyridostatin (PDS) (Figure 1.12C) is a very well-known small molecule able to
target not only telomeric G4s but also G4s disperse within the cellular genome, inducing
DNA damage responses (DDRs), which decreases the proliferation of cancer cells (133139,

Similarly, CX-5461 (Figure 1.12D) 137 is a small molecule, which interacts with G4s with

high affinity, and the stabilisation of these structures activates DDRs (3%, Other two well-
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known G4-ligands are 5,10,15,20-tetra-(N-methyl-4-pyridyl)porphine (TMPyP4) and
porphyrin 5,10,15,20-tetra-(N-methyl-2-pyridyl)porphine (TMPyP2) (Figure 1.12E and F).
TMPyP4 binds intramolecular telomeric 5’-GGGTTA G4s through n—n stacking with the
terminal G-tetrad, while TMPyP2 binds the TTA loop of the same telomeric sequence. These
different interaction modes on the same telomeric G4 allow to establish external stacking to
the G-tetrad (Figure 1.13A), which is more efficient in producing telomerase inhibition

compared to binding on the loop from outside 13,
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Figure 1.12. Molecular structures of different G4-ligands. (A) Telomestatin *?, (B) BRACO-19 39
(C) PDS 39 (D) CX-5461137, (E) TMPyP4 *)) and (F) TMPyP2 %),

From these studies, other investigations have been performed to assess the best properties that
make a synthetic small molecule a good G4-interactor that could be safely delivered in human
cells. Most of the G4-ligands contain a large flat planar aromatic surface that can lead to n—=
interactions with the terminal G-tetrad, while others present dimeric compounds that bind to

two opposite grooves of the G4 (414D The combined knowledge on about 1,000 reported G4
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ligands has been collected by L. Qian and colleagues on a database, called G4LDB

(http://www.g4ldb.org) with the aim to improve the efficiency of the G4-ligand research (140,

However, one of the main problems with G4-ligands is that they are not specific for a
particular G4 and interact with the whole population of G4s within a cell. Therefore, it is not
clear which G4s they actually bind to or which pathways are involved in the effect caused by
G4-stabilisation with G4-ligands !?®. Another issue related to G4-ligands is their selectivity
for G4s over dsDNA in the cellular context. In fact, even if these compounds are more
selective for G4 in vitro, there is so much dsDNA in cells that the probability for these ligands
to interact with dsDNA is highly probable. For instance, TmPyP4 is known to have very poor
G4-selectivity ?. Hence, the biological studies with this ligand should be treated with

caution.

1.6.1 Pyridostatin (PDS)

PDS (Figure 1.12C) is a well characterised planar polyaromatic G4-ligand that binds and
stabilises G4 structures through n—m interactions and electrostatic interactions with the
terminal G-tetrad (Figure 1.13A) (*. Fluorescence resonance energy transfer (FRET)-
melting experiments showed that PDS stabilises human telomeric G4s with a maximum ATm
of 35 K in 60 mM K" at <0.5 uM compound with negligible stabilisation of dSDNA (ATm of
0.5 K in 60 mM K at 1 uM compound) 3%, Electrophoretic mobility shift assays (EMSA)
and cellular data using HT1080 tumour cells demonstrated that, similar to telomestatin 13 1

pM PDS is able to displace POT1 from the telomeric G4-repeats.

As mentioned in Section 1.6, treatment of cells with PDS revealed the ability of this G4-
ligand to elicit a DDR. Using ChIP-Seq, Rodriguez and colleagues observed that PDS
induced approximately 60 domains of phosphorylation of histone H2AX on Ser-139 (called
yH2AX), which is a marker of DDR activation 3>13%143) The yH2AX domains were enriched
in non-telomeric regions of chromosomes that contained high numbers of predicted PQS. In
particular, they observed that PDS could repress the expression of the oncogene src, which
reduced the SRC-dependant cellular motility in human breast cancer cells *®. This work
proposed the druggability of certain cancer genes with small molecules, which decreases
cancer progression by activating DDRs upon G4 stabilisation. Similarly, an increased number
of YH2AX foci was observed in neuronal cells after treatment with PDS compared to the

number in untreated controls, causing neurite retraction, decreased neuronal survival, synaptic
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loss and formation of DSBs (14, Further analysis revealed that PDS downregulates brcal
expression in neurons by stabilising the G4 structures formed within this gene. BRCAL is a
protein involved in neuronal genome repair mechanisms, at the transcriptional level and it is
generally lost in the brains of patients with Alzheimer's disease, which suffer from neural
senescence Y. Therefore, transcriptional gene downregulation through stabilisation of G4
structures with G4-ligands not only has the potential to revert the tumorigenic process but also
pointed out a correlation between G4s and brain ageing, which may be important to ageing

biology in general.

Surprisingly, PDS did not cause any effect on 4ras expression, which is the oncogene with the
highest number of PQS 172, clearly indicating that not all genes with high PQS levels are
targeted by PDS. Thus, additional mechanisms could impact the binding of the G4-ligand to
certain G4s, and the G4-folding might be influenced by complex regulations.

Finally, the high selectivity of PDS for G4s inspired the generation of the SiR-PyPDS (Figure
1.13B) and SiR-iPyPDS (Figure 1.13C) probes used for the live-cell single-molecule
fluorescence imaging of G4s presented in Section 1.4.2 3. In particular, SiR-PyPDS was
prepared using an analogue of PDS with improved lipophilicity 7®, called PyPDS that has
been bound to a red fluorophore Silicon-Rhodamine (SiR) (Figure 1.13B, D and E). The non
G4-binding control, SiR-iPyPDS presents an amino side-chain on the quinoline ring (Figure
1.13C), which prevents the formation of the flat molecular conformation required for optimal
G4-binding (Figure 1.13F). Beside the direct visualisation of individual G4s in real time in
living cells, this work confirmed that G4s are important for replication and transcription as the
chemical inhibition of these processes reduced the presence of G4s in cells, therefore

confirming the ChIP-Seq evidence obtained by Hinsel-Hertsch et al. 7V,
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Figure 1.13. PDS is selective for G4 structures. (A) PDS (blue molecule) binds G4s (in purple)
through interactions with the terminal G-tetrad. (B) Representation of SiR-PyPDS small molecule
where in blue are highlighted the more lipophilic regions (Py) attached to PDS while the SiR
fluorophore is highlighted in red. (C) Representation of SiR-iPyPDS control where the amino side-
chains are attached on the quinoline ring (iPy, highlighted in blue) on the backbone of PDS. The SiR
fluorophore is highlighted in red. (D) Representation of the interaction between SiR-PyPDS and a G4
structure. (E) SiR-PyPDS is not able to interact with ssDNA (in green). (F) SiR-iPyPDS control, is not
able to bind G4s. Figures B-F have been adapted from Di Antonio et al. ©?,

1.6.2 CX-5461

Quarfloxin (also known as CX-3543) inhibits the RNA Polymerase I (RNAPI) transcription
and induces apoptosis in cancer cells through binding to ribosomal DNA (rDNA) G4s,
displacing the interaction between Nucleolin protein and G4s (4. Despite clinical trial
studies showing the ability to reduce tumour growth in xenograft models of breast and
pancreatic cancers, issues with the bioavailability of the molecule required the development of
a next generation molecule, which needed to be well tolerated and with an antitumor response

against solid tumours in vivo 37146 This led to the generation of CX-5461 (Figure 1.12D).
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Lymphoma caused by the hyperexpression of myc oncogene, were extremely sensitive to
treatment with CX-5461, without affecting the normal B-lymphocyte population (146147,
Further analysis revealed that CX-5461 reduces the interaction of SL1 pre-initiation complex
and RNAPI to rDNA promoters with consequent induction of a nucleolar stress pathway,
which activates a p53-mediated apoptosis of the malignant cell 47, Although CX-5461 is the
first in-human molecule tested to treat patients with advanced haematological cancers and is
used mainly as RNAPI inhibitor (138146199 this molecule originates from an established G4-
ligand, suggesting that its similarity to quarfloxin could make it a good G4-ligand. This
hypothesis was confirmed by H. Xu and co-workers who demonstrated that, in addition to the
inhibition of rRNA transcription, CX-5461 is a potent G4s binder and stabiliser, which causes
replication dependent DNA damages upon binding to G4 structures (%), Interestingly,
treatment of different cell lines with CX-5461 revealed more apoptotic cell death in brcal/2?
deficient () cells (Figure 1.14A). Treatment of these cells with inhibitors for RNAPI,
RNAPII, and protein translation elongation showed that brca2” cells present high specific
sensitivity only to CX-5461 with lower sensitivity to transcription and translation inhibition.
The fact that CX-5461 was known to inhibit RNAPI transcription but inhibition of this
pathway in absence of the molecule did not affect the vitality of brca2”” cells, suggested that
inhibition of rDNA transcription is not an important mechanism of CX-5461 toxicity in
brca2”" cells. Because brcal/2”" cells present unfunctional homologous recombination (HR)
DNA damage repair mechanisms, Xu and colleagues investigated DNA damage response
upon exposure to CX-5461. This analysis revealed stronger YH2AX and 53BP1 DNA damage
foci signal in brca2” cells compared to the wide-type (WT) (Figure 1.14B). The increased
number of DNA damage foci in brca2” cell suggested that this deficiency in repairing CX-
5461-induced DNA damages could lead to chromosome aberration and lethality. As expected,
increased chromosome abnormalities were observed in brca2”” cells in the presence of the
ligand (Figure 1.14C). Interestingly, ChIP-Seq data showed that the presence of DNA damage

loci after the treatment with CX-5461 are enriched at G4 sequences in human genome.

Biophysical and immunofluorescence analysis using BG4, finally proved the ability of the
molecule to interact with G4s and showed an increased number of BG4 foci in brca2” cells
after treatment with either CX-546 or quarfloxin (Figure 1.14D), suggesting that the
sensitivity of brcal/2"" cells to this molecule is likely due to their inability to repair the DNA
damage caused by G4 stabilisation and G4 accumulation during DNA replication upon

treatment with CX-5461. In addition, the tests of the molecule in xenograft models with brca?
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knockout tumour cells showed a specific reduction of the tumour compared to the WT
tumorigenic cells. These encouraging results proposed the employment of G4-ligands as a
possible therapeutic treatment for cancers with deficiencies in DNA repair and replication
pathways (3%, Therefore, the G4-ligand CX-5461 has been tested as therapeutic strategy in
patients with brcal/2”- breast cancer and it is now undergoing interventional clinical trials

(NCT04890613).
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Figure 1.14. CX-5461 is a G4s binder that causes replication dependent DNA damages upon G4-
binding in brcal/2 deficient cells. (A) Assay showing the reduction in the colony formation capacity
of HCT116 brca2 deficient cells (B46 and B18) compared to the formation capacity of WT after
treatment with CX-5461. (B) Bean plot showing the percentage of HCT116 cells presenting three or
more 53BP1 foci after 24 hours treatment with the indicated drug. (C) Mitotic chromosome spread
showing increased chromosome abnormalities in brca2 deficient cells (B18) in presence of CX5461.
Chromosome abnormalities are indicated with white arrows. (D) Increased number of 53BP1 and BG4
foci after treatment with G4-ligands CX-5461, quarfloxin (CX-3543) or PDS. White arrows indicate
co-localisation between 53BP1 and BG4. The images have been adapted from H. Xu et al. (*%.
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1.7 Regulation of G-quadruplex Formation by
Helicases

G4-formation is highly dynamic in cells and is carefully regulated by cellular proteins.
Affinity proteomic experiments and pull-downs from nuclear lysates allowed the
identification of a wide range of proteins that interact with G4s (!, including chaperones and
helicases. Chaperones can promote G4-formation, whilst helicases can resolve them 7. In
Section 1.5.2, the helicase DOG1 was introduced as a C. elegans homolog of the human
FANCI helicase. DOGI1 is a member of Rad3/XPD family presenting a 5’ to 3’ processivity
and it has been the first helicase observed to regulate G4s structures in vivo ©%1%9). Mutations
of FANCIJ helicase give rise to a human chromosomal instability disorder, called Fanconi
anaemia. Works in Xenopus egg extracts showed that the helicase FANCJ maintains DNA
replication through unwinding of G4 structures, and in absence of this helicase, the genomic

aberrations are concentrated in G4-rich regions (13%15D,

Most of the proteins associated with G4-resolution belong to families of canonical and well-
conserved helicases, such as RecQ-like and DEAD box or DEAH box helicase families 7®. In
vitro analysis demonstrated that RecQ helicases can resolve G4s with a 3’ to 5’ directionality,
and their dysfunction is associated with increased predisposition to cancer and genetic
disorders *. For instance, Werner syndrome helicase (WRN) and Bloom syndrome helicase
(BLM) belong to the human RecQ helicase family and are involved in telomere replication
through resolution of telomeric G4s. Loss of these proteins or treatment with G4-ligands
decreases the replication level at telomere causing the two syndromes. Beside the ability to
resolve telomeric G4s, these two helicases are also associated to G4-resolution during

transcription (14%152:153),

M. C. Chen and co-workers reported the first X-ray crystallographic structure of a G4-
helicase bound to MYC G4 and proposed a mechanism for G4-unwinding (Figure 1.15A)
(139 The helicase protein DEAH-box helicase 36 (DHX36, also known as G4R1/RHAU)
belongs to a DEAH/RHA family of helicases and binds with a very high affinity to DNA G4s
(~77 pM) and RNA G4s (~39 pM) displaying a 3’ to 5’ adenosine triphosphate (ATP)-
dependent G4-specific resolvase activity in vitro (1139 Experimental evidence in cell lysates
(I57.158) showed the ability of DHX36 to specifically resolve 3’-tailed (9 nt-tail), both

tetramolecular G4s, and unimolecular DNA and RNA G4s with a preference for parallel
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topology compared to antiparallel or mixed topology *?. As a member of the DEAH/RHA
family, DHX36 presents two RecA-like domains (RecAl and RecA?2) in its core, preceded by
the N-terminal domain, which contains a glycine-rich region and a conserved region
(DHX36-specific motif, DSM) necessary for the G4 binding °>!%0 The co-crystal structure
of bovine DHX36 bound to MYC G4 showed that the MYC G4 structure is reorganised upon
DHX36 binding where a single G is pooled out of the folded G4. This rearrangement
decreases the stability of the G4 instead of completely resolve the secondary structure of the
MYC G4 959 ATP hydrolysis might be required to release the single stranded residue from
DHX36, as suggested by the crystal structure and single-molecule fluorescence resonance
energy transfer (FRET) analysis °¥. DHX36 is a multifunctional helicase expressed in two
isoforms, which is mainly localised in the nucleus and cytoplasm of cells (!3%. For example,
this protein plays an important role in replication, as treatment of Xenopus egg lysate with
G4-ligands showed increased enrichment of G4-resolving helicases, with DHX36 being the
most strongly enriched. Interestingly, studies in Xenopus egg lysate using dsDNA plasmids
that contain a G4 motif or a control sequence (Figure 1.15B) also revealed that DHX36 could
promote resolution of G4 structures formed either within the leading or lagging strand during
replication. A plasmid-based ChIP technique (Figure 1.15C) revealed a joint activity between
DHX36 and FANCI in resolving G4 structures and promoting efficient DNA replication 16V,
DHX36 is also involved in telomere maintenance. As briefly mentioned in Section 1.5.1, one
subunit of telomerase is composed of telomeric RNA (or called hTERC). The 5’-end of
hTERC can adopt RNA G4s and is key in the regulation of the enzyme (%), Interestingly,
DHX36 binds and resolves these G4s promoting the formation of a helical structure within
hTERC, called P1, which is essential for the accurate reverse transcriptase activity of the
enzyme 199, DHX36 might also play a regulatory role in oncogenesis as its G4-resolvase
activity has been also associated with transcriptional activation, post-transcriptional
regulation, and RNA degradation of several oncogenes and genes involved in cell growth and

differentiation %,

Another example of G4-resolvase is ATRX, which belongs to the family of SWI2/SNF2 DNA
helicase/ATPase. Patients presenting alteration in ATRX activity suffer a X-linked mental
retardation syndrome (ATR-X syndrome). In these patients, the expression of G-rich genes
involved in the regulation of alpha-globin is compromised, supporting the ATRX role in G4-

handling (164163,

42



Cockayne syndrome B (CSB) protein is another example of a helicase belonging to the
SWI2/SNF2 family (196167 Recently, biochemical studies have revealed a modest activity of
CSB in resolving a rtDNA G4 and suggested that this is essential to prevent the premature

ageing observed in patients lacking functional CSB (1),
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Figure 1.15. G4-helicases can bind and resolve G4 structures. (A) Cartoon representation of the
crystal structure (3.79 A-resolution, PDB ID: 5VHE) of DHX36 bound to MYC G4 (in light green)
where different domains are shown with different colours (adapted from M. C. Chen et al. '5%). (B)
dsDNA plasmid containing a G4 motif used for replication studies. (C) Scheme of the plasmid-ChIP
technique. B and C were redrawn (B) or adapted (C) from Sato et al. ‘°",
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1.8 Loss of G-quadruplex Regulation and
Premature Ageing

The main knowledge of G4s and ageing arose from the treatment with G4-ligands or studies
of diseases and syndromes caused by loss of activity of cellular G4-helicases, such as WRN
and CSB. These syndromes are characterised by premature ageing, suggesting that G4
stabilisation and accumulation causes transcriptional stalling, and transcriptional alteration,

which might be the key to understanding the mechanisms of cellular senescence.

Within eukaryotic genomes, ribosomal genes, or DNA, are among the most enriched for PQS
and have the potential to form G4 structures. rRNA together with ribosomal proteins,
generates ribosomes. Therefore, tight control of G4 formation is necessary for cells to
maintain proper protein synthesis and growth rates (1®). Although direct evidence of the role
of G4 helicases such as FANCJ, RTEL1, WRN or BLM in resolving tDNA G4 is missing,
Scheibye-Knudsen et al. found defective rDNA transcription due to loss of either Cockayne
Syndrome (CS) complementation group gene A (CSA) or CS complementation group gene B
(CSB) (16819 Treatment of a Caenorhabditis elegans model with G4-ligands revealed
accelerated ageing in this model. Moreover, they observed a modest activity of CSB protein
in resolving one particular rDNA sequence, suggesting that lack of CSB may be involved in
defective rDNA transcription caused by G4 accumulation, and consequently, accelerated

ageing (169,
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1.9 Cockayne syndrome B (CSB)

CSB, also known as excision repair cross-complementing protein group 6 (ERCC6), is a 168
kDa protein made by 1,493 amino acids and codified by ercc6 on chromosome 10q11 (19, As
mentioned in Section 1.7, CSB belongs to a family of chromatin remodelling proteins, namely
SWI2/SNF2-family, which are DNA-dependent ATPases containing a well-conserved
helicase domain that includes seven canonical ATPase motifs typical of DNA and RNA
helicases (Figure 1.16A) (616D Alignment of CSB proteins from different chordates
identified conserved basic residues and a small glycine-rich region within the N-terminal
region of the protein. Moreover, the N-terminal region of CSB presents a stretch of acidic
amino acids (AD), which may be important for the activity of CSB. In fact, this domain is
commonly observed in numerous nuclear proteins, including different SWI2/SNF2 chromatin
remodelling proteins and transcriptional activators where the acidic domain interacts directly

(70) " Deletion

with components of the RNAP machinery or gene-specific activators
experiments showed that CSB self-regulates its association with chromatin and that the CSB-
chromatin interaction depends on the ability of the protein to hydrolyse ATP. A proposed
mechanism suggested that the stabilisation of the interaction between CSB and chromatin
requires the contact between DNA, the ATPase domain, and a DNA-binding surface present
within a helicase- “like” C-terminal region of CSB (Figure 1.16A). This autoregulative model
proposed that the N-terminal region of CSB could normally prevent the stable chromatin
association by occluding the DNA-binding surface within the helicase- “like” C-terminal
region. Subsequently, ATP hydrolysis is necessary to promote conformational changes within
the protein that relieve the inhibitory effect imposed by the N-terminal region U7V, The C-
terminal domain of CSB contains an ubiquitin binding domain (UBD) (Figure 1.16A), which
is part of a larger winged-helix domain (WHD) (16172 UBD is important for the recruitment
of CSB to double strand breaks (DSBs), and during transcription coupled nucleotide excision
repair (TC-NER) mechanism (%179 Recently, pull-down and mutational experiments
identified a CSA-interaction motif (CIM) upstream the UBD domain (Figure 1.16A), which is

necessary for the recruitment of the CSA protein to the RNAPII stalling-site 166174,

Biochemical evidence revealed that CSB can bind both dsDNA and ssDNA as a homodimer
(175 However, CSB lacks dsDNA resolvase activity, proposing that, despite the presence of a
helicase- “like” domain, CSB is not a canonical helicase 7®. Contrarily, CSB showed

ATPase activity with a turnover number (kcat) of ~3 min!, which increased to 45-53 min™! in
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the presence of ss- or dsDNA (179 Scanning force microscopy (SFM) of CSB bound to DNA
revealed that CSB can modify the double helix conformation of DNA by promoting wrapping
and unwrapping of dsDNA around itself (Figure 1.16B) (77, This observation is further
supported by the shortened length of the DNA strand measured upon CSB binding, which
occurs in an ATP-dependent fashion. For example, SFM showed that wrapping of the DNA
happens when the ATP binds to the protein, whereas ATP hydrolysis results in the
unwrapping of the DNA. These results suggest that CSB can alter nucleosome positioning and
affect the interaction between DNA-binding proteins and DNA, thus resulting in gene

expression changes (17,

Additional experimental evidence revealed that CSB is involved in the regulation of
numerous cellular pathways, including transcription, TC-NER, DNA base excision repair
(BER), chromatin remodelling, RNAPII processing, Nucleolin regulation, redox homeostasis,
mitochondrial functions, and rDNA transcription (%9, Consistent with the wide range of
cellular pathways in which CSB is involved, cellular localisation studies revealed that CSB is
mainly localised in the nucleus, with some enrichment at the nucleolar level (Figure 1.16C)
(7% A small fraction of CSB has also been found in the mitochondria, while only traces
(below 10%) have been observed in the cytoplasm of cells (¥ Computational predictions
and confocal imaging of cells transfected with different GFP-tagged portions of CSB,
revealed a precise regulation of the intranuclear distribution of the protein, which relies on the
presence of different nuclear and nucleolar localisation sequences (NLSs and NoLSs,

respectively) (Figure 1.16B) 17,
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Figure 1.16. CSB is not a canonical helicase, and is localised within the nucleoli of cells. (A)
Schematic domain organisation of CSB protein (1-1,493). The acidic domain (AD) is indicated in
purple, the three nuclear localisation sequences (NLS1-3) and three nucleolar localisation sequences
(NoLS1-3) are indicated in light blue and grey, respectively. The conserved ATPase domain (507—
1,009) containing the canonical seven ATPase motifs (I, IA-VI) is represented in red. Within the
ATPase motif, two regions have been identified. A helicase- “like” ATP binding site (519—695) and a
helicase- “like” C-terminal region (843—1,002). The CIM and UBD at the C-terminal of the protein are
indicated in blue and brown, respectively. A “pulling hook” residue '’ (phenylalanine 796) is
reported as F796 in orange. This figure has been redrawn from Tiwari et al. and Iyama et al. ‘¢!,
(B) Model showing a CSB dimer (yellow) wrapping 125bp of DNA around its surface in the presence
of ATP. This figure was redrawn from Beerens et al. !’”. (C) Picture of a single cell taken from Iyama
et al. " showing nuclear localisation of CSB (green staining) with enhanced localisation of the

protein within the nucleoli of the cell (white arrows). Bar: 10 um.
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1.9.1 Role of CSB in TC-NER Pathway

Among the various cellular activities associated to CSB, TC-NER is the main mechanism
regulated by this protein. TC-NER is a repair pathway that removes DNA lesions induced by
ultraviolet (UV) radiations 139 which cause the stalling of RNAPII during transcription
(I7L181) "CSB initiates TC-NER by binding to the stalled RNAPII and promoting the assembly
of the repair machinery through recruitment of CSA, a UV stimulated scaffold A (UVSSA),
and other NER factors (!32. Upon binding to the blocked RNAPII, CSB recruits CSA to the
lesion through its CIM domain. CSA is a subunit of the E3-ubiquitin ligase complex, which
triggers CSB ubiquitylation releasing transcription-coupled repair (TCR) factors anchored via
CSB. Moreover, CSB assists UVSSA activity to recruit the NER core complex transcription
factor ITH (TFIIH) (7132 Then, the dsDNA is unwound by TFIIH with consequent repair by
excision, followed by DNA synthesis and ligation ®2 (Figure 1.17A). Recently, the
resolution of the structures of both S. cerevisiae RNAPII-Rad26 (the yeast human
homologues of RNAPII and CSB) and human RNAPII-TCR (Figure 1.17B) complexes by
cryo-electron microscopy (cryo-EM) proposed a novel translocation model where CSB
promotes the movement of the stalled RNAPII through a “pulling hook™ residue that alters the
DNA trajectory (Figures 1.16A and 1.17B). In detail, the binding of ATP induces the
remodelling activity of CSB, which pulls the template strand of the upstream DNA, whereas
the “pulling hook” within the ATPase domain pulls the non-template strand in the same
direction. As CSB is anchored to the RNAPII, the pulling of the upstream DNA promotes
forward translocation of RNAPII, thus confirming the role of CSB in the transcription

elongation upon TC-NER resolution (17%:182.183),

Transcription elongation in the absence of DNA lesions has also been investigated for both
CSB and Rad26. The intrinsic chromatin remodelling nature of these proteins allows for an
ATP-dependent directional DNA translocase activity, which assists RNAPII to bypass
nucleosomes or non-bulky lesions (Figure 1.17C) (82184185 Upon interaction with histone
chaperones, the nucleosome remodelling activity of CSB reaches levels comparable to a
human ATP-dependent chromatin assembly factor (ACF). Notably, under physiological
conditions, the nucleosome remodelling activity of CSB is typically 10-fold lower than that of
ACF (199 syggesting that the main cellular role of CSB might not be related to physiological

chromatin remodelling. Conversely, the localisation of CSB within the nucleoli 17® suggests a
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specific activity of this protein within these regions, which may be associated to nucleolar

TC-NER or to a role in the nucleolar organisation.
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Figure 1.17. CSB and repair of DNA lesions. (A) Representation of the mammal TC-NER. RNAPII
(light blue) blocked at a DNA lesion site (black) is bound by CSB, which recruits CSA and UVSSA.
UVSAA recruits TFIIH, which promotes the unwinding and the cut of the side regions of the lesion
(represented with two scissors). Finally, the DNA is synthesised by DNA polymerase 6 and € and the
gap is ligated by ligases. This figure has been redrawn from Duan et al. 132, (B) Ribbon model (right-
side) of the RNAPII-CSB-CSA-DDBI1-UVSSA complex obtained from cryo-EM resolution (PDB ID:
7003, 2.80 A-resolution), including RNAPII (white-transparent element), CSB (green), CSA
(yellow), DDB1 (DNA damage-binding protein 1; multiple pink subunits), and UVSSA (purple). The
two zoomed-in boxes report the upstream DNA fork interacting with the “pulling hook™ (orange
residue) either in the pre-translocated (top) or post-translocated (bottom) states. This figure has been
adapted from Kokic et al. /7. (C) Schematic representation of the ability of Rad26 to bypass and
dislodge pausing sequences or small lesions and obstacles such as nucleosomes (top green box), which
arrest RNAPII (represented in light blue). Bulky DNA lesions are recognised by Rad26 but necessitate

the activation of TCR for transcriptional recovery (bottom red box). Figure redrawn from Xu et al.
(183)
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1.9.2 Role of CSB in Ageing

Cockayne Syndrome (CS) is a rare, autosomal-recessive disorder, characterised by UV-
sensitivity, growth retardation, progressive neurological degeneration, and premature ageing,
which ultimately cause premature death typically in the second decade of the life of patients
(186) The observed phenotype is mediated by different biological processes, including genetic
and epigenetic alterations that cause loss of functionality of cells and tissues with subsequent
development of premature ageing-related diseases 137, Approximately 70% of CS cases have
been associated with at least 78 different mutations of the CSB gene, including, for example,
deletions, missense mutations, and frameshifts (!8%1%9) One key characteristic of CSB-
deficient cells is a persistent activation of the enzyme poly-ADP ribose-polymerase 1
(PARP1) 98 PARP1 is recruited to the sites of DNA damage where it recognises and binds
single-strand DNA breaks (SSBs). PARP1 uses nicotinamide adenine dinucleotide (NAD™) as
a cofactor to covalently modify target proteins by adding linear or branched chains of ADP-
ribose (PARylation). These modifications result in chromatin relaxation and recruitment of
DNA damage repair factors 166187190190 Eyrthermore, the activity of PARPI increases the
production of lactate, a phenomenon observed in both normal ageing conditions and models

lacking CSB, and it is also associated with mitochondrial dysfunction 168:192),

Increasing evidence shows loss of heterochromatin during ageing, with reduction of
H3K9me3. Consistently, immunofluorescence imaging and biochemical analysis of fibroblast
derived from CS patients (CSIAN) showed enlarged nuclei, reduced level of H3K9me3, and
decreased expression of histone H3 (7192 In vitro studies demonstrated that the high level of
compaction of heterochromatin protects DNA from ROS-induced damages and genome
instability ®7. Thus, the increased UV-sensitivity observed in CS patients might be due to

enhanced vulnerability of the cells to DNA damage caused by the loss of heterochromatin.

Bioinformatic and ChIP-Seq analyses in CSB-deficient cells identified increased PARP and
low H3K9me3 levels in TSS, TSS flanking regions, and rDNA coding regions (18S, 5.8S and
28S) (92, Furthermore, RNA sequencing (RNA-Seq) analyses performed by M. Scheibye-
Knudsen and co-workers revealed increased transcriptional stalling at rDNA level in CSB-
deficient cells %% strongly suggesting that the lack of heterochromatin and nucleolar TC-
NER may explain the high predisposition of these cells to DNA damage. Interestingly, studies
performed with normal human lung fibroblasts showed loss of CSB and heterochromatin

during normal replicative senescence. This evidence further supports the correlation between
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loss of CSB and senescence, however, the exact mechanism describing the decreased

expression of CSB during healthy aging still remains unclear (137-19%,

Recent studies revealed that the interaction between CSB and Nucleolin is required to
stimulate rDNA synthesis in the nucleoli . Notably, rDNA sequences are highly rich in Gs
and prone to form G4 structures, which are stabilised upon binding to Nucleolin resulting in
decreased rDNA transcription (4319, Immunocytochemistry data showed increased levels of
both Nucleolin and PARP in the nucleoli of CSB-deficient cells. This is particularly relevant
especially considering that PARPI also binds G4s with high affinity and stimulates its
enzymatic activity (%1% Moreover, a direct correlation between PARPI1 activation and
premature ageing was also observed in C. elegans models treated with G4-ligands, suggesting
that stabilisation of G4s causes stalling of RNAPI and high and persistent activation of
PARP1 that triggers premature ageing (¥, M. Scheibye-Knudsen and colleagues questioned
whether CSB could resolve G4s and promote rDNA transcription. They demonstrated that
CSB can resolve a single IDNA G4 in an ATP-independent fashion (1%,

Taken together, these data propose that lack of CSB within the nucleolus triggers two main

effects (Figure 1.18):

e Lack of heterochromatic compaction at TSS and rDNA levels, which makes the DNA

more prone to DNA damage !*7; and

e Formation of rDNA G4s that are not resolved by CSB and cause persistent activation

of PARP1, lactate accumulation, and mitochondrial damage %%,

M. Scheibye-Knudsen and colleagues observed rDNA G4 resolution mediated by CSB,
revealing a G4-helicase activity for this protein, albeit this protein has never been classified as
a canonical helicase. Therefore, the G4-resolution mechanism of CSB might be different from
what has been observed with the other canonical helicases and requires additional
characterisation. Furthermore, in the report published by Scheibye-Knudsen, CSB displayed
only a modest rDNA G4 resolution activity that was limited to a single rDNA substrate tested.
The modest G4-resolvase activity of CSB is in stark contrast with the strong ageing
phenotype caused by lack of the protein in CS patients. Moreover, G4 helicases are highly
abundant in cells (see Section 1.7), hence CSB G4-resolvase activity could be easily

compensated by the presence of other G4s helicases and prevent CS to be developed.
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Altogether these observations indicate a more complex role of CSB in regulating rDNA
homeostasis, which has been the primary focus of this post-graduate research, recently

published in the Journal of the American Chemical Society 7.

52



nucleolus

YOUNG SENESCENCE
(normal) (normal and
premature)

no rDNA
G4-resolution

rDNA

DNA-damage®
G4-resolution 8

no H3K9me3

protection DNA lesion and lack of no repair of DNA
repaired by DNA-damage lesions by
CSB/TC-NER protection CSB/TC-NER
H3K9me3

Figure 1.18. Overview of chromatin changing and rDNA G4 regulation during ageing. On the left, the
nucleoli of young (normal) individuals contain active CSB. Here, CSB protects rDNA from DNA
damage (UV, ROS or radiation) by maintaining the heterochromatic state of IDNA (H3K9me3). TC-
NER machinery is allowed by CSB, therefore, in presence of a bulky lesion, TC-NER could repair the
damage. G-rich tDNA sequences are prone to form G4s that are resolved by CSB. This rDNA
regulation given by CSB prevents RNAPI (represented as a light blue protein) stalling and assures low
PARPI levels. Contrarily, on the right, during normal or premature senescence, lack of CSB reduced
the heterochromatic state of rDNA, which is more susceptible to DNA damages that cannot be
repaired by TC-NER due to the lack of CSB. In absence of CSB, rDNA G4s are not resolved and
accumulate within rDNA causing RNAPI pausing. Unresolved G4s might be stabilised by Nucleolin
and bound by PAPR1 (represented as blue and grey globular proteins bound to G4), which activate the

PARP1-cascade that causes loss of NAD" and increased of lactate, and are typical features of ageing.
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1.10 Aims of the Project

Uncontrolled G4 accumulation has a strong impact on DNA stability and cellular
homeostasis, with an increase in G4-prevalence being associated with cancer and premature
ageing. The correlation between G4s and cancer is more broadly acknowledged and has
consequently been investigated in depth. In contrast, evidence correlating G4s and ageing is

much more limited.

The aim of this project is to investigate the fundamental role of G4s in promoting cellular
senescence and ageing phenotypes, using Cockayne Syndrome as a model. To achieve this,
we chose CSB as an endogenous model to further our understanding of the mechanisms by
which proteins recognise, bind to, and resolve G4s and the consequences of the absence of

this protein in Cockayne Syndrome patients.
To address this, this work has focused on the following objectives:

1 Production of the full length CSB protein (CSB-FL) and a smaller helicase- “like”
domain of the protein (CSB-HD).

2 Full biochemical characterisation of the G4-binding and resolvase activity of CSB-

FL and CSB-HD towards a panel of different nucleic acids structures and sequences.

3 Cellular investigation of CSB binding to G4s in normal and CSB-derived cell lines by

immunofluorescence experiments.
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Chapter 2

2 General Techniques
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2.1 Approaches for Protein Purification

AFFINITY PURIFICATION USING NICKEL/COBALT RESIN

Nickel and Cobalt resins are widely used for immobilised metal affinity chromatography
(IMAC) and allow purification of recombinant proteins containing a poly-histidine tag on
either N-terminus or C-terminus °® (Figure 2.1A-D). Nickel-NTA and Cobalt-NTA are the
most common type of resins. The resin consists of beaded agarose derivatised with
nitrilotriacetic acid (NTA) chelation moieties loaded with either nickel (Ni**) or cobalt (Co*")
ions. Generally, Nickel resins allow higher protein yields as his-tagged proteins have a higher
affinity for this metal compared to cobalt. However, in a cellular lysate, multiple interactors
that contain histidine might be present and weakly interact with the resin (Figure 2.1B) with
consequent presence of contaminants in the eluted sample. Compared to Nickel ones, Cobalt
resins give purer eluates but lower protein yields. Washing steps are usually recommended to
remove interactors that are weakly bound to the resin. Because of its structural similarity with
histidine, low concentrations of imidazole could be used to remove unspecific binders, as it
also interacted with nickel or cobalt, competing with the unspecific interactors for the binding
to the resin (Figure 2.1C). Recombinant target proteins are usually eluted using a high
concentration of imidazole, which assures complete competition with the target his-tagged
protein (Figure 2.1D). Alternatively, strong chelating agents, such as EDTA could be used for
elution. However, the use of strong chelating agents could strip the ions from the resin, with

consequent elution of protein-nickel/cobalt complexes.
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Figure 2.1 Affinity purification of histidine-tagged molecules using Nickel-NTA (or Cobalt) resins.
(A) The free nickel resin is added into an empty column and equilibrated with the desired buffer. The
clarified cellular lysate is then added to the resin. (B) Only the histidine-tagged molecules (in red and
grey) can bind the resin while all the untagged molecules (in black and orange) pass through the resin
(FT). (C) To avoid unspecific contaminations, the resin is washed with low concentrations of
imidazole, which competes with weak interacting molecules removed from the resin (W). (D) Finally,
higher concentrations of imidazole are generally used to detach the target histidine tagged protein from

the resin (EL).

AFFINITY PURIFICATION USING HEPARIN RESIN

Heparin chromatography is an affinity chromatography method, which allows the purification
of proteins through their interaction with heparin that is immobilised on a porous bead matrix
(Figure 2.2) 199 Heparin belongs to a family of glycosaminoglycans, which present very high
negatively charged sulphate polysaccharide groups. Heparin could either mimic the
polyanionic structure of the nucleic acid and allow specific binding of nucleic acid-binding
protein, and other specific affinity ligands, such as enzymes, growth factors, and lipoproteins,
or it could act as a cation exchanger through its high content of anionic sulphate groups. In
both cases, the interaction can be weakened by increased ionic strength, such as using a linear
gradient from 0 to 1-2 M NaCl or KCI. The stronger the interaction with heparin, the higher
the concentrations of NaCl/KCl where the protein will be eluted. One of the main advantages

of this technique is that it is a simple and very effective chromatography, which allows the
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purification of a wide range of proteins without requiring the presence of affinity tags %,
Because of its high purification potential, it is usually used as a second purification step to

further clean the target recombinant protein.

NaCl/KClI

Figure 2.2. Affinity chromatography using heparin column. (A) The heparin negatively charged
sulphate polysaccharide groups are immobilised on the surface of the column. (B) DNA-binding

proteins (red interactors) bind the negatively charged polysaccharide groups. (C) The bound proteins

are eluted with increased concentrations of either NaCl or KCI.

SIZE EXCLUSION CHROMATOGRAPHY

Size exclusion chromatography (SEC) allows the separation of molecules depending on their
molecular weight (Figure 2.3) @Y. SEC resins consist of a porous matrix of spherical
particles packed into a column. Unlike affinity or ion exchange chromatography, SEC does
not require changes in buffer composition and the samples could be directly diluted into a
suitable buffer for assay or storage. Moreover, during SEC, the molecules do not chemically
interact with the resin, but they remain trapped into the pores of the matrix. Big molecules
larger than the biggest pores in the matrix, simply pass through the column as they are too
large and cannot enter the pores, and are eluted together in the void volume. Conversely,

smaller molecules that have access to the pores are separated and eluted in order of decreasing
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size. Depending on the size of the proteins to be separated, different SEC columns with
optimal size ranges are available. For example, Superdex-peptide allows the separation of
peptides within 100-7,000 Da, Superdex 75 separates proteins within 3,000-70,000 Da,
Superdex 200 for proteins between 10,000—600,000 Da and Superose column separates
proteins of 5,000-5,000,000 Da. SEC could be either preparative or analytical. Resolution of
preparative SEC varies from high to moderate. Analytic SEC is usually performed without
fractionation and allows a high-resolution separation used for quality screening of a molecule
or its molecular characterisation. SEC could be also used to measure the molecular size of
molecules or proteins by comparative inspection between the chromatogram (elution profile)
obtained from a target recombinant protein or molecule, and calibration chromatograms
created with known standards. Generally, the SEC elution profiles indicate the variation of
sample components as they elute in order of their molecular weight, where higher molecular

weights can elute earlier than molecules with lower molecular weights do (Figure 2.3).

Asgo (MAU)
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Figure 2.3. Size exclusion chromatography separates molecules depending on their molecular weight.

Bigger molecules elute earlier than smaller ones do.
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2.2 Approaches to Investigate G-quadruplex
Interactors and G-quadruplex Resolution

Over the years, many methods have been developed to identify and characterise the
interaction between proteins and between proteins and nucleic acids. As discussed in Section
1.2.2, NMR and X-ray crystallography allow to characterise the three-dimensional structure
of G4s and G4-associated molecular complexes. However, both these techniques are
laborious, necessitate isolated macromolecules and present some disadvantages related to the
experimental equipment, the extreme purity and the high amount of sample required for the
analysis *. Therefore, experimentally less-demanding techniques that allow to study G4-
protein interactions within heterogeneous samples are ideal to investigate their biochemistry.

Some of these techniques relevant to this thesis will thus be described in this section.

ELECTROPHORETIC MOBILITY-SHIFT ASSAY (EMSA), FLUORESCENCE
POLARISATION (FP), and ENZYME-LINKED IMMUNOSORBENT ASSAY
(ELISA)

EMSA, FP, and ELISA are three rapid and sensitive techniques used to detect protein-protein
complexes or protein-nucleic acid interactions. These techniques could be used qualitative but
typically are leveraged to quantify the binding affinity between different interactors, allowing
to extract dissociation constants (Kds) between a substrate (S) and a ligand (L). The

equilibrium between S and L is described as follows:

Kon
[S]+[L] —_— [SL]

Koff

_ Koff

Kd =
Kon

where [S] is the molar concentration of S, [L] is the molar concentration of L, [SL] is the
molar concentration of the complex, Koy is the dissociation rate constant in min’!, and Ko is
the association rate constant in min™! * M. Kd is expressed in molar (M) and it is inversely

related to the affinity of the substrate for the ligand 92203,
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As the name suggests, electrophoretic mobility-shift assay (EMSA) allows the separation of
mixtures of proteins, molecules or protein and nucleic acids by electrophoresis under non-
denaturing native conditions through polyacrylamide or agarose gels. In this assay, an
oligonucleotide, typically fluorescently labelled at either its 3’- or 5’-end, is incubated with
increasing concentrations of a protein of interest for a fixed period of time, before running the
sample on a non-denaturing gel. Generally, oligonucleotide-protein complexes migrate more
slowly, due to the mass increase, than the corresponding free fluorophore-labelled
oligonucleotide do, resulting in a shift in gel bands when the protein binds to the
oligonucleotide substrate (Figure 2.4A) 2% EMSAs are experimentally easy to perform and
quickly allow to obtain information about the relative binding affinity between the protein of
interest and tested oligonucleotide sequence. However, the main drawback of EMSAs is the
reliability on a stable molecular complex being formed during the electrophoretic run. In fact,
some protein-oligonucleotide complexes could dissociate as a consequence of the gel run,
causing underestimation of the ability of a ligand to interact with its substrate. Therefore,

optimisation of the protocol is essential to correctly estimate a Ka with EMSAs %),

Fluorescence polarisation (FP) can be alternatively used to measure Kd values, without
relying on the formation of a stable protein-DNA complex as needed for EMSAs. FP is based
on the basic principle that when a small and fluorescently labelled molecule (such as an
oligonucleotide) in solution is excited by polarised light, it emits low depolarised light
because of its rapid tumbling promoted by its relatively small size, which results in a low FP
signal. However, when the fluorophore-labelled oligonucleotides interact with a larger
molecule (such as protein) a larger complex form, which rotates more slowly in solution and
emits higher polarised light, resulting in a detectable FP signal (Figure 2.4B) ?%). This
technique allows high throughput screening of substrates and ligands. However, FP might be
problematic when measuring low-affinity interactions as it requires very high concentrations

of the unlabelled ligand, which could lead to artificial crowding effects %9,

As mentioned in Section 1.4.1, ELISA allowed to confirm the binding specificity of BG4
antibody for G4 structures, and is an alternative strategy to assess Ka for nucleic acids/protein
interactions 2. This technique is an immunoassay, which relies on the use of a primary
antibody (Abl) that recognises its specific antigen (nucleic acids, proteins or molecules). The
antigen is usually biotinylated and attached to a streptavidin-coated surface through strong
biotin-streptavidin interaction. After incubation with Abl, different washing steps are

required to remove unbound Abl. The Abl bound to the antigen is then recognised by a
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secondary antibody (Ab2), which carries an enzyme-conjugate (e.g. Horseradish Peroxidase
(HRP)). After re-washing to remove any unbound Ab2, a substrate (e.g. TMB (3,3',5,5'-
Tetramethylbenzidine)) is added for the enzyme and a measurable signal (usually colour
change) is produced. An absorbance signal of the chromogen is then measured and used to
calculate Kd between the Abl and the antigen (Figure 2.4C). Although this technique is
generally highly sensitive, one of the main problems is the possibility to detect false positives
caused by unspecific binding of Abl to the surface or unspecific recognition of Ab2 07:209),
Each of the assays described in this section has its advantages and limitations, which is why
this work has used a combination to thoroughly assess binding affinity between CSB and the

panel of synthetic oligonucleotides tested.

62



LOW FP

A |’

\_}k 2\ v /: rapid emitted light is
l / \\ / rotation depolarised

no

X

polarised
excitation light f

bound \ i: ! _.‘~
substrate — =m = \L J / » J » *
— d light is
unbound emitted lig
- slow rotation
substrate - - polarised
FP SIGNAL

substrate

.
,-,-"

BG4 is measurable
recognises and recognised by signal
binds the G4 a Ab2

Figure 2.4. Approaches to investigate G4-interactors. (A) Schematic representation of EMSA. A
fluorophore labelled G4-forming sequence is incubated with increasing concentrations of an examined
protein (represented as a purple “X” globular protein). After incubation, the samples are separated on a
native gel. In absence of the protein (no X, lane 1) only a bottom band corresponding to the unbound
substrate is formed. Molecular interactions between the G4 and X protein are identified as upper bands
(molecular shifts) that run slower (lanes 3-5) compared to the unbound substrate (lanes 1 and 2). (B)
Schematic representation of the FP assay. Fluorophore-labelled G4s are incubated with different
proteins (represented in magenta and green). The interaction between the protein and the G4 decreases
the rotation of the G4, resulting in increased polarised light (FP signal). Contrarily, the unbound G4
retains its fast rotation in solution, resulting in a depolarised signal (low FP). (C) Scheme of a typical
BG4-ELISA. Biotinylated (red circle) G4-forming oligonucleotides trapped on the surface of a plate
through streptavidin (black bar) interaction. Then, the G4 is bound by the BG4 (represented in brown).
BG4 presents a flag-tag (white bar) recognised by a secondary antibody (Ab2; blue). Ab2 is
conjugated with an enzyme (light blue sphere), which after the addition of the substrate, emits a

measurable signal (light blue star).
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FORSTER RESONANCE ENERGY TRANSFER (FRET)

Forster resonance energy transfer (FRET) is a physical phenomenon that can be leveraged to
assess distance-dependent energy-transfer interaction between a pair of fluorescent molecules,
where one act as an energy donor and the other one as an acceptor. When close (few
nanometres), the excitation of the donor can result in energy transfer (FRET) to the acceptor,
which will, in turn, emit despite not being directly excited. This can be used to study G4-
folding, using synthetic sequences containing a donor and an acceptor fluorophore at its 3’-
and 5’- ends. When the G4 is fully folded, the two fluorophores are relatively close to each
other and they will generate a high FRET signal, resulting from the energy transfer from the
excited donor to the acceptor (Figure 2.5A). When the reverse complement of the G4-folding
sequence is added, the resulting duplex will form in a time-dependent manner, bringing the
donor and acceptor distant in the space (Figure 2.5A), causing the FRET-signal to gradually
decrease in a time-dependent fashion ?%). Therefore, G4-unfolding can be followed and
quantified by measuring the increasing emission of the donor over time, as the FRET is
abrogated with the duplex being formed. A plateau of the donor fluorescence emission is
indicative of the full resolution of the G4 structure. As an excess of unlabelled reverse
complementary strand is also added into the mixture, the unfolded G4 sequence is stabilised
by its reverse complementary strand with consequent formation of dsDNA, which contributes
to maintaining the plateau signal emitted from the donor constant. Alternatively, a quencher
instead of an acceptor could be attached at either the 3’- or 5’- end of the G4 sequence. In this
case, when the G4 is fully folded, the fluorescent signal will be quenched, and an increased
fluorescence emission will be indicative of G4 resolution as the quencher will be far from the
fluorophore in the duplex @!9. This same principle could also be exploited to calculate the
melting temperatures of G4-structures in FRET-melting assays, which has been extensively
used to identify and validate G4-ligands and small-molecule interactors. In summary, the
stabilisation induced by these G4-ligands causes an increase in melting temperature (Tm)

between the unbound G4 and after interaction of the same G4 with the ligand ?!!212),
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GEL-BASED RESOLVASE ASSAY TO DETERMINE G4 RESOLUTION

Alongside FRET-based techniques, the ability of a protein to resolve G4 structures can also
be evaluated using a more conventional gel-based assay. This technique relies on the different
gel-mobility between G4s and dsDNA. Both the G4-forming sequence and dsDNA should be
fluorescently labelled to follow their migration on a gel and quantify resolvase activity.
Typically, a dsDNA control is used as a reference for the G4-resolution and is prepared by
mixing equal concentration of the fluorophore-labelled G4-forming sequence and its
unlabelled reverse complementary strand. Both the G4-forming sequence alone and the G4-
forming sequence mixed with its unlabelled reverse complementary strand are boiled and
slowly cooled to room temperature to allow the formation of the G4 and dsDNA, respectively
(annealing of the oligonucleotides). The annealed G4 is subsequently incubated with an
excess of its reverse complementary DNA in the presence or absence of a fixed concentration
of the protein of interest. The reactions are incubated for different timing prior denaturation of
the protein-nucleic acid interactions with EDTA and SDS. Then, the samples are separated on
a polyacrylamide gel where the dsDNA product migrates slower compared to the folded G4.
The relative ratio between these two species (G4s vs dsDNA) can be measured under the
different conditions tested to assess the ability of the protein to promote G4-resolution (i.e.
increased dsDNA formation) (Figure 2.5B) (%®). Although this is a good method that allows
the visualisation of the G4-resolution by looking at dSDNA formation on a gel, the main
drawback is the manual time required by the operator to add all the reagents in all the samples
and stop the reactions. In fact, very unstable G4s could form dsDNA in seconds after addition
of only an excess of the complementary strand, making the assay uninformative for
intrinsically fast unfolding G4s. Moreover, the resolution of the G4 substrates is estimated
after fixed time points, with a consequent lack of precise real-time information about the G4
resolution. Therefore, a more quantitative real-time resolution using the FRET system is
recommended. Indeed, in most of the cases a complete G4 analysis has been carried out using
both the FRET-based and gel-based approaches in parallel to overcome the above-mentioned

limitations.
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Figure 2.5. Approaches to determine G4-resolution. (A) Schematic representation of the FRET
principle. When a G4 is folded, the two fluorophores (represented as donor and acceptor (green and
yellow stars, respectively)) are close in the space. Excitation of the donor with a laser can result in
energy transfer to the acceptor with consequent low emission signal from the donor. Conversely,
destabilisation of the G4 structure after incubation with a reverse complementary sequence (in dark
purple) causes increased emission of the donor as the two fluorophores are too distant for energy
transfer to occur. (B) Schematic representation of a gel-based resolvase assay. The fluorophore
labelled G4-forming sequence is incubated for increasing timing with its unlabelled reverse
complementary sequence and fixed concentrations of an examined protein (represented as a “X”
globular protein in purple). The reactions are stopped prior to the separation of the samples on a
polyacrylamide gel. Lane 1 represents the pre-annealed G4 control, which generates fast running
bands at the bottom of the gel. Lane 2 indicates the pre-annealed dsDNA reference, which runs slower
compared to the folded G4 and generates upper bands. Lane 3-4 represents two increasing time-points
incubations. In lane 3, only a small portion of the G4 is resolved to dsDNA, while longer incubation
allows the protein to fully resolve the G4 which forms dsDNA with its complementary, as shown in

lane 4. Lane 5 shows a control sample without incubation with protein X.

66



Chapter 3

3 Results and Discussion
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3.1 CSB-FL and CSB-HD Proteins Production

The main aim of this study was to biochemically investigate the activity of CSB in
recognising and resolving G4 structures. To achieve this, the first step was to produce the
recombinant protein. CSB full length (CSB-FL) was expressed and purified from insect cells,
while its smaller helicase- “like” domain (CSB-HD, see 3.1.4 and 3.1.5 for details) was
expressed and purified from bacteria. The production of both CSB-FL and CSB-HD proteins
required different several expression and purification steps, which are explained in detail in

the following 68aragraphhs.

3.1.1 Production of CSB-FL from Baculovirus/
Spodoptera frugiperda 9 (Sf9)

CSB-FL is a 1,493 amino acids (aa) protein with a molecular weight (MW) of 168.4 kDa, and
it is known to exist in a dimeric form in solution 7. Several approaches were used by P.
Selby and A. Sancar to generate the recombinant CSB-FL protein. However, the protein was
not appreciably expressed by Escherichia coli, and its production from human HeLa cells
resulted in protein degradation. In contrast, CSB was abundantly produced using
baculovirus/Spodoptera frugiperda 21 (Sf21) insect cells, which showed particularly high

efficiency in producing multi-subunit proteins (79,

In addition, subsequent work
demonstrated that CSB can also be efficiently expressed in Sf9 and Trichopulsia ni (Hi5)
insect cells after infection with the recombinant baculovirus \’”). The main advantages of the
baculovirus/insect system include high yields of secreted proteins, improved solubility, and
eukaryotic post-translational modifications, which ensures the correct folding of the

recombinant proteins.

TRANSPOSITION

The first step to express recombinant proteins from insect cells system was to generate a
recombinant baculovirus containing the desired CSB-FL gene, which can be used to infect
insect cells. CSB-FL coding sequence (NCBI Reference Sequence: NC_000010.11 @!¥) was

cloned into a pFASTBac donor vector (Invitrogen), where the expression of CSB-FL was
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controlled by a baculovirus-specific promoter, called Ppu (Figure 3.1A). CSB-FL was inserted
between an N-terminal hemagglutinin antigen (HA) epitope, which allows the detection and
the purification of the protein using HA antibody, and a C-terminal six-histidine tag (Hiss),
which also allows the purification of the protein by affinity chromatography using nickel or
cobalt resins that bind histidine ?'¥ (Figure 3.1A). In this work, the construct used for CSB
expression (pFASTBac HA-CSB-His6) was kindly donated by the Scheibye-Knudsen group
(University of Copenhagen).

Baculovirus production required a site-direct transposition of the Ppu-HA-CSB-Hiss region of
the donor vector into a baculovirus shuttle vector, called bacmid. The bacmid contained a
recombinant viral DNA from Autographa californica multiple nuclear polyhedrosis virus
(AcMNPV) and was autonomously replicating in DHI10Bac cells (Figure 3.1B) @19
DH10Bac is an E. coli bacterial strain which contains a helper plasmid encoding a
transposase. Transposase allowed the site-direct transposition between the Ppu-HA-CSB-Hiss
region of the pFASTBac donor vector, which was flanked by Tn7 sequences at its 5’- and 3’-
ends, and a mini-Att Tn7 site included in the bacmid (Figure 3.1B) !9, Positive transposition
(Figure 3.1C) was confirmed by blue-white screening of the cells. This screening relies on the
activity of B-galactosidase, which is codified by a LacZ operon expressed within the mini-Att
Tn7 site of the bacmid in DH10Bac cells. For the visualisation screening, a chromogenic X-
gal substrate was supplemented in the media. If the B-galactosidase is expressed, it will
hydrolyse the chromogenic substrate (X-gal) generating a blue insoluble pigment. Thus, non-
recombinant cells appeared as blue colonies. Conversely, when the plasmid was correctly
inserted within the mini-Att Tn7 site containing the LacZ operon, the coding region of LacZ
was compromised and the -galactosidase was not expressed, resulting in the formation of
white colonies (Figure 3.1D). Two positive white colonies were selected and expanded to
extract the required bacmids containing the CSB-FL gene (Figure 3.1D). The two bacmids
were named CSB (1) and CSB (2).
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Figure 3.1. Generation of the recombinant bacmid. (A) The donor pFASTBac plasmid containing the
CSB-FL gene was provided by the Scheibye-Knudsen group. This plasmid presented a baculovirus-
specific promoter (Ppy) and two Tn7 sites at the 5’- and 3’- ends of the HA-CSB-Hiss insertion. The
HA-tag, CSB-FL, and Hise-tag are reported in magenta, ochre, and grey, respectively. (B) The
pFASTBac_ HA-CSB-Hiss donor plasmid was transformed in DH10Bac cells that contained a bacmid
shuttle and helper vectors. The bacmid presented a mini-Att Tn7 region, while the helper plasmid
codified for a transposase, which allowed a site-direct transposition of the Ppy-HA-CSB-His¢ region
within the bacmid. The LacZ operon within the mini-Att Tn7 region of the bacmid assured production
of a p-galactosidase. (C) Correct transposition of the Ppy-HA-CSB-Hiss within the bacmid
compromised the production of the LacZ operon (DH10Bac LacZ 7). (D) In absence of the LacZ
operon, the [-galactosidase cannot be produced, and the cells are not able to hydrolyse the
chromogenic x-gal substrate. Therefore, the positive transposed appeared as white colonies. Two
white colonies were expanded to amplify the HA-CSB-Hiss bacmid. The final concentration of the

bacmids after extraction was: CSB (1): 4072 ng/ul and CSB (2): 106.65 ng/pl.
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BACULOVIRUS COLLECTION AND DOT BLOTS

CSB (1) and CSB (2) bacmids containing CSB-FL were separately transfected in Sf9 insect
cells as described in Section 5.1.3. As the transfection advanced, insect cells were subjected to
several morphological changes, which reflected the initial viral synthesis (from 0 to 6 hours
(h) post-transfection), and release of extracellular viruses (from 18 to 96 h post-transfection).
Then, 72 h post transfection, the release of the virus from the cells was confirmed by looking
at signs of viral infection, which included increased cellular diameter, enlarged nuclei,
vesicular appearance within the cells, and decreased cellular growth compared to the non-
transfected controls (Figure 3.2A) ?!'7. The secreted baculoviruses, called P1, were collected
by centrifugation and their presence in the cellular supernatant was confirmed by dot-blot on a
nitrocellulose membrane using an anti-gp64 antibody that recognises a baculoviral gp64
protein necessary for viral entry by endocytosis @!'%2!9. The gp64 antibody can be in turn
recognised by an HRP-enzyme conjugated secondary antibody. Thus, development of the
membrane using a high sensitivity enhanced chemiluminescence (ECL) substrate will
generate a luminescent signal that can be detected and used to estimate the concentration of
the virus in the collected cellular supernatant. The viral concentration could be indeed
qualitatively determined by comparison of the signal from the unknown sample to that of a

positive control (WDR61).

The dot blot results (Figure 3.2B) obtained from transfection with CSB (1) bacmid showed a
very low concentration of secreted virus, named P1-1, suggesting a poor virulence of this
virus. Conversely, P1-2 that resulted from transfection with CSB (2) bacmid had a higher
signal compared to both P1-1 and the positive control WDR61 P1.

A subsequent P1 amplification was necessary to achieve a sufficient amount of virus to infect
high volumes of insect cells. An approximate amount of virus required for P1 amplification
could be determined based on the dot-blot results. Usually, 100-300 pl P1 is required to
efficiently amplify viruses that are highly concentrated. Therefore, because the luminescence
intensity of P1-2 suggested a high concentration of the virus, 100 pl of P1-2 was used to
infect 50 ml of SfY cells. After 48 h post-infection, the amplified virus, called P2, was secreted
from the cells, collected by centrifugation, and its presence and concentration were
determined by dot blot. Unfortunately, the dot blot results obtained for the P2 originated from
transfection with 100 ul P1-2 (P2-1) (Figure 3.2B) reported a very low luminescent signal

compared to that of the WDR61 P2 control, indicating inefficient virulence.
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To improve the concentration of the amplified P2 virus, both longer infection time of 72 h and
exposure of SfY to higher amount (200 pl) of either P1-1 or P1-2 were attempted. An
additional viral expansion (P3) was also tested by infecting Sf9 cells with 500 pl of P2-1. The
dot-blot test (Figure 3.2C) clearly showed improved P2-2 and P2-3 concentrations after 72 h
infection, with higher volumes of either P1-1 or P1-2, respectively, while almost absence of
P3 was observed. To understand whether the higher volume or the longer infection time were
the limiting factors, Sf9 cells were treated with either 200 pl or 400 pl of P1-2 for 48 h.
Again, the dot-blot (Figure 3.2D) showed lower signals for both P2-4 and P2-5 compared to
those of the positive control. However, the infection with 400 pl of P1-2 provided better
results than the infection with 200 pl of the same P1-2, indicating that increased P1 volumes
helped to obtain a more concentrated P2-5. An additional dot-blot (Figure 3.2E) confirmed a
higher concentration of P1-2 compared to P1-1 and displayed a more concentrated P2-6 after
infection of SfY cells with 800 pl of P1-2 for 48 h, compared to the previous P2-5 collected
after infection with 400 ul P1-2 for the same incubation time. Based on these results, the most

concentrated P2-6 was used for the subsequent gene expression.
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Figure 3.2. Recombinant viruses released from Sf9 cells, and virulence assessed by dot-blot. (A)
Photomicrograph showing morphological changes between non-infected Sf9 cells and Sf9 cells
infected with recombinant viruses (photo from Unger and Peleg ®'”). (B) Dot-blot results reporting
higher concentration of P1-2 compared to P1-1 and the control P1. P2-1 amplified from P1-2 showed
low concentration of the virus. (C) Dot-blot showing improved concentration of P2-3 virus compared
to P2-2. Negligible P3 was observed. (D) Dot-blot reporting improved P2-5 concentration compared to
P2-4. © Final dot-blot confirming higher concentration of P1-2 compared to that of P1-1, and higher
P2-6 concentration compared to that of the previous most concentrated P2-5 tested. P2-6 was used for

the subsequent protein expression.

3.1.2 CSB-FL Protein Expression and Purification

CSB-FL SMALL-SCALE PROTEIN PRODUCTION

With the aim to find the best conditions for expression and purification of CSB-FL, a first
small-scale expression was conducted. Recombinant baculovirus gene products have been
generally observed between 72-96 h post-infection of Sf9 cells with the amplified P22°.
Accordingly, 50 ml of §f9 cells were infected with 800 ul P2-6 for 72 h.

73



As described in section 5.2, after 72 h of infection the Sf9, cells were resuspended and lysed
by sonication. After lysis, the total fraction lysate (TF) was subjected to high-speed
centrifugation to sediment all the cellular debris. The supernatant (soluble fraction: SF) was
then purified by affinity chromatography on 1 ml Nickel-NTA resin, which allows the
purification of recombinant proteins containing a poly-histidine tag (see Section 2.1 for a
more detailed overview about his-tag affinity chromatography). Once all the unbound
material passed through the column (flow through: FT), the resin was washed with low
concentrations of imidazole. Imidazole competes with the his-tagged proteins for binding to
the Nickel-NTA resin considering its structural similarity to histidine. Therefore, several
washes with low concentration of imidazole allowed to remove the unspecific interactors
(wash: W). Finally, the protein was eluted (elution: EL) with high concentration of imidazole.
All the fractions were collected and analysed by 8% SDS-PAGE (Figure 3.3A). A band
around the expected CSB-FL molecular weight (MW) at 168.4 kDa was visible in the eluted
sample and was concentrated using dedicated spin columns. The presence of CSB protein was
confirmed by Western Blot (WB) using an anti-CSB antibody that specifically recognises a
fragment within human CSB-FL (aa: 300-750). The WB (Figure 3.3B) indicated the presence
of the expected CSB-FL band, suggesting a successful expression of the protein. However,
the presence of multiple bands at lower MW indicated either unspecific interactions of the

antibody to the contaminants present within the EL, or protein degradation.

Overall, the preliminary tests allowed to optimise conditions for CSB-FL expression and
achieve purification of the protein. Therefore, large-scale production of the protein was
performed by expression and multiple-step purification, and yielded a high amount of protein

suitable for biochemical analysis.
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Figure 3.3. CSB-FL small-scale expression and purification. (A) 8% SDS-PAGE showing the bands
related to the proteins contained in the samples collected after cell lysis and Nickel-NTA purification
(TF: total fraction, SF: soluble fraction, FT: flow through, W: wash, EL: elution; M is the protein MW
marker which is used to estimate the MW of the proteins run on the gel). The arrow indicates the
presence of the band related to at the expected MW of CSB-FL protein (168.4 kDa), with 7 pl of TF,
SF and FT and 10 pl of W and EL samples used to load the gel. (B) WB image obtained after 2 min
development of the membrane. The arrow indicates the CSB-FL band while the question marks (?)
indicate the bands related to unknown products (either degradation of the protein or contaminants). M

is the protein MW marker.

CSB-FL LARGE-SCALE PROTEIN PRODUCTION

Based on the results obtained from the small scale expression test, four different 500 ml Sf9
cellular batches were infected with 7.5 ml P2-6 virus each, for a total volume of 2 1. After 72
h of infection, the cells were lysed and centrifuged. The supernatant was then purified by his-
tag affinity chromatography using 10 ml Nickel-NTA resin. All the fractions including TF,
SF, FT, W (1-5), EL were collected and analysed by 8% SDS-PAGE (Figure 3.4A). Although
numerous contaminants were detected, the EL fraction clearly showed the expected CSB-FL
band at 168.4 kDa. An additional affinity purification using a heparin column allowed to
separate nucleic acid-binding proteins (including CSB) from the contaminants (see Section
2.1 for a more detailed overview about heparin affinity purification). The heparin elution

profile (Figure 3.4B) showed a main peak that eluted around 700 mM KCI. The fractions
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corresponding to this peak were then analysed by SDS-PAGE, revealing the presence of the
band at 168.4 kDa, which identifies CSB-FL (Figure 3.4C). Fractions from E4 to G2 were

pooled together and concentrated to ~300 pl.
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Figure 3.4. CSB-FL large-scale expression and purification. (A) SDS-PAGE showing the presence of
CSB-FL (ochre arrow) within the EL sample obtained after Nickel-NTA purification of the 2 1 cell
lysate. The TF, SF, FT wells of the gel were loaded with 7 pul of each sample, while the other wells
were loaded with 10 pl of the related sample. (B) Elution profile obtained from heparin purification.
Fractions from E4 to G2 were pooled together, concentrated and further purified. (C) SDS-gel of the
peak eluted from the heparin column confirmed the presence of CSB-FL (ochre box). The protein
ladder used to estimate the MW of the proteins separated on the gel is indicated as M.

Finally, a size exclusion chromatography (SEC, also called gel filtration) was performed to
further improve the purity of CSB-FL. Distinct molecules can be separated depending on their
different size when injected into a gel filtration column, where molecules with higher MW
elute earlier compared to molecules with lower MW (see Section 2.1 for a more detailed
overview about size exclusion chromatography). Because CSB is a big protein of
approximately 170 kDa, and it is known to dimerise !’¥, the protein was expected to elute

within the initial volume of elution. To evaluate which SEC column was the most efficient in
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separating CSB from the contaminants, the sample that was concentrated after heparin affinity

chromatography was divided into two aliquots and purified using two different SEC columns.

The first aliquot (200 pl) was directly purified by SEC using a Superdex 200 (S200) Increase
10/300 column. Comparing the S200 elution profile of CSB-FL (Figure 3.5A) with the S200
10/300 elution profiles of proteins with known MW (calibration curves, Figure 3.5B) allowed
the identification of two main peaks eluted around 10.3—11.5 ml, which corresponded to the
dimeric CSB-FL (336.8 kDa) and monomeric CSB-FL, respectively. The presence of CSB-FL
within these fractions was further confirmed by the denaturing SDS-PAGE that reported
strong bands at 168.4 kDa for both peaks (Figure 3.5C). Fractions from B3 to BS were pooled

together, concentrated to 1 mg/ml, and stored at -80 °C.

The rest of the protein obtained from the heparin purification (100 pl) was subsequently
purified in a different experiment by a different gel filtration column, called Superose 6
Increase 10/300, which better separates proteins with high MW from smaller ones. The
elution profile obtained after Superose 6 purification (Figure 3.5D) was less clear than the
S200 one, suggesting some aggregation or degradation of the protein after thawing.
Nevertheless, a comparison between the Superose 6 elution profile and Superose 6 Increase
10/300 calibration curves (Figures 3.5E) suggested the presence of CSB-FL within the
fractions eluting at approximately 15 ml of elution. The presence of CS-FL within these
fractions was further confirmed by SDS-PAGE (Figure 3.5F), therefore, the clearest fractions
containing CSB-FL (from C5 to C7) were collected, concentrated to 1 mg/ml and stored at -
80 °C. Finally, WB analysis confirmed the presence of CSB-FL in both the samples collected
from S200 (EL1) and Superose 6 columns (EL2) (Figure 3.5G).
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Figure 3.5. CSB-FL size exclusion chromatography. (A) Elution profile obtained from CSB-FL
purification using Superdex 200 Increase 10/300 column. The two main peaks correspond to the
dimeric and monomeric CSB-FL. (B) S200 Increase 10/300 calibration curve. 1: Thyroglobulin
(MW:669 kDa), 2: Ferritin (MW: 440 kDa), 3: Aldolase (MW: 158 kDa), 4: Conalbumin (MW: 75
kDa), 5: Ovalbumin (MW: 44 kDa), 6: Carbonic anhydrase (MW: 29 kDa), and 7: Ribonuclease A
(MW: 13.7 kDa) ®. (C) SDS-PAGE of selected fractions obtained from S200 purification confirmed
the presence of CSB-FL within the elution profile. Fractions B3-B5 were pooled together and
concentrated. (D) Elution profile obtained from CSB-FL purification using Superose 6 Increase
10/300 column. The main peak at approximately 15 ml of elution contains both the dimeric and
monomeric CSB-FL. (E) Superose 6 Increase 10/300 calibration curve. 1: Thyroglobulin (MW:669
kDa), 2: Ferritin (MW: 440 kDa), 3: Aldolase (MW: 158 kDa), 4: Ovalbumin (MW: 44 kDa), 5:
Ribonuclease A (MW: 13.7 kDa), and 6: Aprotinin (MW: 6.5 kDa) ®*". (F) SDS-gel of selected
fractions obtained from the Superose 6 purification confirmed the presence of CSB-FL within the
elution profile. Fractions C5-C7 were pooled together and concentrated. (G) WB analysis of the eluted
samples from the S200 column (EL1) and Superose 6 column (EL2). The arrow indicates the CSB-FL
band. M is the protein MW marker.
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3.1.3 Bioinformatic Analysis

Although the baculovirus/insect cell system allowed the production of a good amount of
CSB-FL suitable for biochemical studies, the expression of the FL protein is challenging and
not compatible with the production of the large amounts of protein required for our
biochemical investigations. Hence, we decided to explore whether a smaller CSB domain
could be expressed more easily using E. coli culture, and still be used to study CSB-G4
interactions. To this end, we performed a multiple sequence alignment ?*?) between different
homologues of CSB-FL (see Section 5.5) to identify the most conserved DNA-binding region
containing the ATP binding domain and a signature DEGH box (aa: 646—649), which we
assumed being important for CSB translocase activity and G4 resolution 18223 The region
between 519 and 1,002 aa presented almost 50% identity and very high similarity between all
the organisms tested (Figure 3.6). Thus, the iuman nucleotide sequence corresponding to this
highly conserved region was synthesised by Genscript service using the E. coli codon usage
to increase translational efficiency and protein expression ??¥. The CSB-HD (519-1,002)
sequence codon optimised for bacterial expression was then inserted within a pCS46_Hise-
SUMO vector by RF-cloning, as described in Section 5.6. The quality of the cloning was
confirmed by Sanger sequencing (Genewiz). The Hise¢-tag at the N-terminal of SUMO-CSB-
HD (519-1,002) allowed its purification by affinity chromatography while the SUMO-tag is

reported to increase the solubility of recombinant proteins ¢,
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S.cerevisiae TCVOWLYELYQONCGGITIGDEMGLGKTIQVIAFIAALHHSGLLTG— 352

S.pombe TCVOWLWELYCQEAGGIIGDEMGLGKTIQIVSFLS SLHHSGKFOK— 332
Human TGVRWLWELHCQQAGGILGDEMGLGKTIQI TAFLAG: EGLGPTVIV 572
M.musculus TGVRWLWELHCQQAGGILGDEMGLGKTIQI TAFLAGLSYSKIRTRGSNYRFEGLGPTIIV 568
G.gallus TGVRWLWELHCQQAGGILGDEMGLGKTIQI TAFLAGLSYSKIRTRGSNYRYQGLGPTVIV 567
X.laevis TGVRWLWELHCQQAGGILGDEMGLGKTIQITAFLAGLSYSRIRTRGSDYRYEGLGPSIIV 532
D.rerio TGVRWMWELHCQOQAGGILGDEMGLGKTIQI IAFLAGLS Y SKLKTRGSNYRYAGLGPTVIV 549
C.elegans EGVEWLQKKTDERSGGILADEMGLGKTIQSVVFLRSIQETARTHYKTTG-~---LDTALIV 255
* AAkE KAKRARKAAK K o
S.cerevisiae CPATVMKQWCNEFHHWWPPLRTVILHSMGSGMASDQKFKMDENDLENLIMNSKPSDFSYE 412
S.pombe CPATLMKQWVNEFHTWWAPLRVVVLHATGSGQRASREKRQYESDAS —————-—— ESEREE 384
Human CPTTVMHQWVKEFHTWWPPFRVATLHETG -~~~ 601
M.musculus CPTTVMHOWVKEFHTWWPPFRVAVLHETG-— 597
G.gallus CPATVMHQWVKEFHTWWPPFRVAILHETG -~ 596
X.laevis CPATVMHQWVKEFHTWWPQFRVVVLHETG -~ 561
D.rerio CPATVMHQWVKEFHTWWPPFRVAVLHDTG-——-—-————-===———— == === === 578
C.elegans CHVSITAQWIKELNOWFPKARVFLLHSHCSTGROED 291
* x k% * owx
S.cerevisiae DWKNSTRTKKALESSYHLDKLIDKVVTDGHILITTYVGLRIHSDKLLKVKWQYAVLDEGH 472
5. pombe SKTSIKLRGASSSFHRYAKNLVESVFTRGHILITTYAGLRIYGDLILPREWGYCVLDEGH 444
Human - --SYTHKKEKLIRDVAHCHGILITSYSYIRLMODDI SRYDWHYVILDEGH 649

M.musculus - - SYTHKKERLIRDIVYCHGVLITSYSYIRLMODDISRHDWHYVILDEGH 645
G.gallus -~ SYTNKKVKLIRETASCHGILITSYSYIRLMODNTHSYDWHYVILDEGH 644
X.laevis - --SYAGKKVKLIGELGNGRGIIITSYSYVRLMQEELOKYHWHYIILDEGH 609
D.rerio - --SFTSKKEKLIPEIVASHGILITSYSYIRIMODYIQORYDWHYVILDEGH 626
C.elegans  —————————- YVGSIFRKLORRRKEYPDGATILTTYSLETKLKKPIVKHLWQVVILDEGH 341
x e
s.cerevisiae KIRNPDSEISLTCKKLKTHNRIILSGTPIQNNLTELWSLEDFIFPGKLGTLPVFQQOEVI 532
S.pombe KIRNPDSEISISCKQIRTVNRIILSGTPIQNNLTELWNLFDFVEPGRLGTLPVEQNQFAL 504
Human KIRNPNAAVTLACKQFRTPHRI ILSGSPMONNLEELWSLFDFIFPGKLGTLPVEMEQFSV 709
M.musculus KIRNPNAAVTLACKQFRTPHRITLSGSPMONNLRELWSLEDFIFPGKLGTLPVEMEQFSV 705
G.gallus KIRNPNAAVTLACKQFRTPHRITLSGSPMONNLKELWSLEDFVEPGKLGTLPVEMEQFSV 704
X.laevis KIRNPNAGVTVACKQFRTPHRIILSGS PMONNLQELWSLEDEVEPGKLGTLEVEMEQESV 669
D.rerio KIRNPNAGVTTACKQFRTPHRFILSGSPMQNNLKELWSLFDFVEPGKLGTLPVEMEQFSV 686
C.elegans YIRNENTKCSIAMRKLMTTQRFILTGTPFONRLSEFWKLVDEVHPGRLSDSATFHRNETH 401
wax P N T x oa

S.cerevisiae —-PDY--GDPKRSGKMQVVKQLLLLWHE-— --QGYKALLFTQSRQ €78

S.pombe --EDYNYGDPEKSGKLKVIRALLTLWKK-- --QGHRTLLESQTRQ 652
Euman GPKNLKGLPDDELEED-QFGYWKRSGKMIVVESLLKIWHK - - - -QGORVLLESQSRQ 866
M.musculus GPKNASGPPEDELEEE-QFGHWRRSGKMIVVESLLKIWHR------ -QGORVLLFSQSRQ 862
G.gallus GPKILKCVPDADLEEADQFGYWKRSGKMIVVESLLKIWHK-—--—--QGHRVLEFTQSRQ 862
¥.laevis GPKILKGTRDEDLEEEEQFGFWKRSGKMIVVEALLKIWHR- -QGHRVLLFTQSRQ 827
D.rerio GPRLLRGIPHDQLTEEEHFGYWKRSGKMIVVESLLRLWHK-— - - - -QGHRVLLFTQSRQ 844
C.elegans L§----—--—-—- PASPKFGS IKDSGKVEMTFKLFDDWFKS - ———-— PTNRVILFTQRRT 549
x xax % x ox o
5.cerevisiae MLDILEEFISTKDPDLSQLNYLRMDGTTNIKGRQSLVDRFN-NESFDVFLLTTRVGGLGY 737
5.pombe MLDILEIGLK----DLPDVHYCRMDGSTS IALRQDLVDNFNKNEY FDVFLLTTRVGGLGY 708
Human MLOILEVELR- AQKYTYLKMDGTTTIASRQPLITRYNEDTSIEVFLLTTRVGGLGY 921
M.musculus MLHILEVELR-----AHKYSYLKMDGTTT IASRQPLITKYNEDTSIFVFLLTTRVGGLGV 517
G.gallus MLOILEVELR-----DENYSYLRMDGTTTIASRQPLITRYNEDKSIFIFLLTTRVGGIGV 917
¥.laevis MIQIMEVEVR-----TRGYSYVKMDGTTTIAARQPLITKYNEDPSLFVFLLTTRVGGLGV 882
D.rerio MLEILEVEVK-—---ENGFSYLKMDGTTTIASRQPLIAQFNONKDIFVFILTTRVGGLGV 6§99
C.elegans VITMMEYFLAEKG----- IKCVSLTGADSAAARPKIIKKFEDDVSIKVFLMTTRAGGLGL 604
* x x cRx KxE AE *
S.cerevisiae NLTGANRIIIFDPDWNPSTDMQARERAWRIGQKREVSIYRLMVGGSIEEKIYHRQIFKQE 797
s.pombe NLTGADRVILFDPDWNPSTDAQARERAWRLGQKKDVVVYRLMTAGT IEEKIYHRQIFKQF 768
Human NLTGANRVVIYDPDWNPSTDTQARERAWR IGQKKOVIVYRLLTAGTIEEKIYHRQIFKQF 581
M.musculus NLTGANRVIIYDPDWNPSTDTQARERAWR IGQKKQVTVYRLLTAGTIEEKIYHRQIFKQF 5977
G.gallus NLTGADRVIIYDPDWNPSTDTQARERAWR IGQKKQVIVYRLLTAGTIEEKIYHRQIFKQE 577
x.1laevis NLTGANRVIIYDPDWNPSTDTQARERAWR IGQKKQVTVYRLLTAGTIEEKIYHRQIFKQF 542
D.rerio NLTGANRVVIYDPDWNPSTDTQARERAWR IGQKOOVTVYRLLTAGTIEEKIYHROIFKQF 559
C.elegans NLTCANKVIIFDPDWNPOADNQAKNRIYRMGOTNDVAI YRLVSNGT IEDLKEFKQVOKEN 664
FFra KARKAE K KX K K KR KX KRE x A% N
S.cerevisiae LTNRILTDE-KQKRFFKIHELHDLFSLGGENGYSTEELNEEVOKHTENLKNSKSEESDDF 856
5. pombe LTNKILKDP-KQRRFFKMTDLHDLFTLGONKTEGTETG 805
Human LTNRVLKDE-KORRFFKSNDLYELFTLTSPDASQSTETSATFAGTGSDVOTPKCHLKRRI 1040
M.musculus LTNRVLKDE-KQRRFFKSNDLYELFTLTSPDASQGTETSATFAGTGSSIQTPKCQLKKRT 1036
G.gallus LTNRVLKDP-KQRRFFKSNDLYELFTLSSPDVSQGTETSAT FAGTGSDVQVPKHQLKRKL 1036
x.laevis LTNRVLKDE-KQRRFFKSNDLYELFTLTSPDTSQGTETSATFAGTGSDVQVVKRTANHLY 1001
D.rerio LTNRVLKDE-KQRRFFKSNDIYELFTLSSPDGSOGTETSAIFAGTGSDVOVEKRHKTSSE 1018
C.elegans LAARLLHNA-EIDQEVENNTLADLFRLKPKGLEGSEIG 701
* * -

Figure 3.6. Multiple sequence alignment between different homologues of the CSB helicase- “like”
domain. The ATP-binding region containing the DEGH box and the C-terminal region of the Auman
helicase- “like” domain are reported in red. The residues with either high similarity or 100% identity

are highlighted in yellow. Residues with 100% identity are indicated with asterisks (*).
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3.1.4 CSB-HD (519-1,002) Expression and Purification

CSB-HD (519-1,002) SMALL-SCALE PROTEIN PRODUCTION

Once the pCS46 Hise-SUMO-CSB-HD (519-1,002) was generated (Figure 3.7A) and
sequenced, preliminary small-scale expression and purification tests were performed to
confirm the potential to express and purify the protein in bacteria using this construct. The
expression of CSB-HD (519-1,002) was tested in 250 ml BL21(DE3) E. coli cells grown in a
nutrient-enriched Terrific Broth (TB) media. The induction of the protein expression was
carried out overnight (O/N) with 0.1 mM IPTG at 18 °C. A sample of cells before the
induction was collected and lysed for the subsequent SDS-PAGE electrophoresis. After
incubation, the inducted cells were lysed by sonication (TF) and centrifugated to clarify the
lysate from the cellular debris (SF). The supernatant obtained after centrifugation was then
purified by his-tag affinity purification using Nickel-NTA resin. All the fractions, including
the W and EL, were collected and run on a 10% SDS-PAGE (Figure 3.7B). The presence of a
strong band around 67 kDa (Hise-SUMO-CSB-HD (519-1,002) MW: 66.6 kDa) in the TF
suggested that CSB-HD (519-1,002) was expressed by the cells. In fact, this band was absent
in the pre-induced sample, further confirming that it corresponded to CSB-HD expression

upon IPTG induction.
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[T7 promoter/ lac operator

M pre-ind. TF SF FT w EL
kDa

pCS46__ His-SUMO-CSB-HD (519-1,002)

Hise-SUMO-CSB-HD: 66.6 kDa

Figure 3.7. CSB-HD (519-1,002) expression. (A) Vector map showing the CSB-HD (519-1,002)
sequence (in red) inserted at the C-terminal of Hiss-SUMO tag (in purple). Vector map created with
SnapGene. (B) SDS-gel of the samples obtained from small scale expression of CSB-HD (519-1,002).
M, protein ladder; pre-ind, sample collected before IPTG induction. The Hise-SUMO tagged CSB-HD
band around 67 kDa is marked with the red box. To load the gel, 5 pul of pre-ind., 7 pl of TF, SF and
FT and 10 pl of W and EL samples were used.

However, lack of a CSB-HD band in the SF and EL samples indicated that the protein was not
soluble in the tested conditions and further optimisations were required, including optimised
IPTG concentration, expression temperatures, and buffers composition. A summary of all the
tested conditions is reported in Table 3.1A and 3.1B. Among all, the best conditions found to
obtain soluble protein were: 0.05 mM IPTG at 36 °C, 4 h in nutrient-rich media and cell lysis
buffer containing modest salt concentration (300 mM KCI) supplemented with 10% glycerol.
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50mM Hepes pH 7.5, S0mM Hepes pH 8.2, 300mM KCI, 10mM imidazole, 10% glycerol, ImM TCEP

300mM NaCl, 10mM
imidazole, 5%

glycerol, 5SmM TCEP

0.lmM IPTG 0.01mM IPTG 0.05mM IPTG 0.lmM IPTG
™ LB TB2xYT LB TB2xYT LB TB2xYT
18 °C, 16h 36°C, | 15°C, | 36°C, | 36°C, 15°C, | 36°C, | 36°C, | 15°C, | 36°C,
4h O/N 4h 4h ON 4h 4h ON 4h
BL21 (DE3) X X 0 X X X XX X X XX

25mM Tris pH 9.0, 300mM KCI, 10mM imidazole, 10% glycerol, ImM TCEP

0.0lmM IPTG 0.05mM IPTG 0.lmM IPTG
LB TB2xYT LB TB2xYT LB TB2xYT
36°C, 15 °C, 36°C, | 36°C, 15°C, 36°C, | 36°C, | 15°C, | 36°C,
4h O/N 4h 4h ON 4h 4h O/N 4h
BL21 (DE3) X 0 X X 0 XX X X XX

Table 3.1 (A and B). List of the small-scale expression conditions used for his, SUMO CSB-HD
(519-1,002) expression. The best conditions chosen for the expression and lysis of the protein are
highlighted in green. 0: no expression of the protein; X: the protein is expressed but it is not soluble;

XX: the protein is expressed, and it is soluble.

The solubility of the protein was further improved with the addition of a mild non-ionic
detergent, Triton-X (0.1%) (Figure 3.8A). CSB-HD (519-1,002) was then purified by his-tag
affinity chromatography using Nickel-NTA resin (Figure 3.8B). However, the presence of
multiple bands in the elution around 67 kDa made difficult to unequivocally identify CSB-
HD. Therefore, a subsequent cut of the Hise-SUMO tag (MW: 11.3 kDa) using a SUMO
protease was necessary to further characterise this protein. In fact, a removal of the Hise-
SUMO tag will cause a decreased MW in the untagged CSB-HD (519-1,002) (MW: 56.1
kDa), which could be easily identified by SDS-PAGE.
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CLEAVAGE OF SUMO-TAG

The CSB-HD (519-1,002) eluate obtained after affinity chromatography was diluted to
decrease the imidazole concentration prior to cleavage of the hise-SUMO tag with a SUMO
protease. The SUMO protease hydrolyses the peptide bond at a Gly-Gly bond in the C-
terminal of the SUMO tag, releasing the CSB-HD protein by SUMO domain and the Hise tag.
The cut CSB-HD (519-1,002) protein (MW: 56.1 kDa) could be isolated by his-tag affinity
purification and was expected in the FT (cut-FT, Figure 3.8C). Surprisingly, the SUMO
protease was not able to completely cut the SUMO domain, as the 67 kDa band corresponding
to the SUMO-CSB-HD (519-1,002) was still observed in the elution obtained from
purification of the cut sample (cut-EL) (red arrow, Figure 3.8C). However, both the pre-cut
sample (EL conc., Figure 3.8C) and cut-FT showed a band around the expected untagged
CSB-HD (519-1,002) MW (white arrow, Figure 3.8C) which was absent in the cut-EL,
suggesting either cleavage of the tag by SUMO protease or spontaneous instability of the
protein. In support of this, both the pre-cut (EL conc., Figure 3.8C) and cut-EL samples
presented multiple bands below 25-20 kDa that were not present in the cut-FT, which could
be ascribed to protein residues that still carried the Hise-SUMO tag and were originated from

spontaneous instability in the proximity of the tags (Figure 3.8C).
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Figure 3.8. Cut of the Hise-SUMO tag revealing instability of the CSB-HD (519-1,002) construct. (A)
SDS-gel showing improved expression and solubility of CSB-HD using lysis buffer containing 0.1%
Triton-X. M indicates the protein MW marker. TF1: total fraction using lysis buffer without 0.1%
Triton-X; SF1: soluble fraction using lysis buffer without 0.1% Triton-X; TF2: total fraction using
lysis buffer with 0.1% Triton-X; SF2: soluble fraction using lysis buffer with 0.1% Triton-X. The red
arrow indicates the expected tagged CSB-HD protein (B) Affinity purification using Nickel-NTA resin
showed the presence of multiple bands around the expected CSB-HD (519-1,002) MW in the
concentrated eluted sample (EL conc.; red box). SF, soluble fraction; FT, flow through; W, wash; and
EL indicates the elution sample. (C) SDS-PAGE obtained after cleavage of the Hiss-SUMO tag. The
white arrow in the FT cut sample indicates the untagged CSB-HD (519-1,002) band, while the red
arrow indicates either the tagged CSB-HD protein or a tagged degradation product present in the cut
EL.

3.1.5 Secondary Structure Prediction and Generation of

CSB-HD (498-1,002) Construct

To understand whether the problematic expression and low stability of CSB-HD (519-1,002)
were caused by truncation of essential structural features, such as a-helices, the secondary
structure of CSB-FL was predicted using PSIPRED 29, The structural prediction showed
truncation of an a-helices at the N-terminal of the original CSB-HD (519-1,002) construct
designed (Figure 3.9A), which could potentially justify the low stability of the protein.
Therefore, an additional 21-aa sequence was inserted by RF-cloning at the N-terminal of the
Hise-SUMO-CSB-HD (519-1,002) construct (Section 5.6) with the aim to reconstitute the

truncated o-helices and increase the stability of the final protein (Figure 3.9A). This new
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CSB-HD (498-1,002) construct was cloned as previously described (Figure 3.9B) and its

identity was confirmed by Sanger sequencing (Genewiz).

""""""""""""""""""""""" T7 promoter (lac operator]

CSB-HD
N-terminal

pCS46__His;-SUMO-CSB-HD (498-1,002)

Fminator

A \7‘7 te
O~

CSB-HD
C-terminal

Conf: il;nlllllllllllllllllnl BlinzniBnansannat

Pred:

Figure 3.9. Secondary structure prediction showing a-helix truncation at the N-terminal of CSB-HD
(519—1,002) construct. (A) Schematic representation of the N- and C-terminal regions of CSB-HD.
Red brackets indicate the start aa and the end aa of CSB-HD (519-1,002), while the orange bracket
indicates the start aa of the new CSB-HD (498-1,002) construct. In the predicted structure, the o-
helices are represented as pink cylinders while -sheets are represented as yellow arrows. (B) Vector
map showing the new CSB-HD (498-1,002) construct, where a 21 aa sequence (orange) was inserted
between the at the Hise-SUMO tag (purple) and the N-terminal of CSB-HD (519-1,002) (red). Vector

map created with SnapGene.

3.1.6 CSB-HD (498-1,002) Expression and Purification

The novel Hise-SUMO-CSB-HD (498-1,002) was expressed from BL21(DE3) cells using
0.05 mM IPTG and purified following the same protocol described for the previous CSB-HD
(519-1,002) construct. The first his-tag affinity purification using the Nickel-NTA column
showed the presence of few bands close to the expected MW of the tagged-CSB-HD (498—
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1,002) protein (MW:70 kDa) (Figure 3.10A). However, multiple contaminants were still
present in the EL and a further affinity purification using heparin column was necessary to
isolate the expected CSB-HD band. The elution profile obtained from heparin purification
presented two main peaks eluting at 700—750 mM KCI (Figure 3.10B). Gel visualisation of
these peaks clearly revealed the presence of a ~70 kDa band within the first peak, which is
likely indicating the presence of tagged-CSB-HD (498-1,002) (Figure 3.10C). Thus, the
heparin fractions between B7-B12 were combined and concentrated to the final concentration

of 1 mg/ml.
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Figure 3.10. Expression and purification of CSB-HD (498-1,002) construct. (A) 12%-SDS gel
showing the bands related to the proteins contained in the samples collected after cell lysis and Nickel-
NTA affinity purification (TF: total fraction, SF: soluble fraction, FT: flow through, W1-5: wash, EL:
elution; M is the protein marker used to estimate the MW of the proteins separated on the gel). To load
the gel, 10 pul of each sample was used. (B) Elution profile obtained from heparin affinity purification
of CSB-HD (498-1,002). (C) 15% SDS-PAGE of selected fractions obtained from the heparin
purification. The arrow indicates the presence of the related band at the expected MW of CSB-HD

(498-1,002) protein (70 kDa).
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3.2 Cockayne Syndrome B (CSB) as a Selective
Intermolecular rDNA G4 Binder and Resolvase

Following their expression and purification, the ability of both CSB-FL and CSB-HD to
interact and resolve G4 structures was investigated. In particular, the proteins were
biochemically and biophysically tested using a vast panel of nucleic acid substrates, including
different IDNA G4-forming sequences, non-rDNA G4s, and non-G4 forming sequences. The

different analyses performed, and the results obtained are reported in the following sections.

3.2.1 Gel-based Resolvase Assays Confirmed that CSB-
FL and CSB-HD Can Partially Resolve a rDNA G4

Considering the recent results showing the ability of CSB to partially resolve G4-structures
formed by a rDNA sequence'®®, both CSB-FL and CSB-HD Gé4-resolvase activities were
initially tested using the same rDNA-1 G4-forming sequence used by M. Scheibye-Knudsen
and colleagues in their seminal paper ('® (more details on the gel-based resolvase assay

technique are reported in Section 2.2).

The rDNA-1 G4-forming sequence used for this assay presented both a 5’-Cyanine-5 (Cy5)
fluorophore, which allows the visualisation of the oligonucleotide on a gel, and a 20 base
pairs (bp) tail at its 5’-end, for consistency with the published substrate (see Table 5.7 for the
oligonucleotide sequence). Briefly, the 5’-tailed rDNA-1 substrate was pre-annealed in KCI
buffer and incubated with a 5-fold excess of its reverse complementary sequence.
Subsequently, a fixed concentration (10 nM) of either the CSB-FL or the CSB-HD were
added into the mixture and incubated for increasing times. After incubation, the products were
separated on a polyacrylamide gel. On the gel, the formation of bands corresponding to
dsDNA that run slower compared to the G4 structure alone (G4 lane, Figure 3.11A and B),

was indicative of the resolution of the substrate.

The gels revealed increased formation of the dsDNA bands after incubation with either CSB-
FL or CSB-HD (from 0.5 min to 40 min incubation, Figure 3.11A and B) compared to that of
the control without the protein (0.5 min and 40 min in absence of CSB-FL/-HD, Figure 3.11A

and B). The increased dsDNA formation upon incubation with either one of the two proteins
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indicated resolution of the 5’-tailed rDNA-1 G4 structure which, once linearised, could pair
with its reverse complementary strand, confirming that both CSB-FL and CSB-HD were able
to partially promote rDNA-1 G4 resolution in absence of ATP, as previously reported and
observed in the gels in Figure 3.11A and B (17,

Consistent with previous reports 1%®, most of the G4-related band was still strongly visible in
the gel after 40 min incubation with the protein, indicating that most of the substrate was still
present in a folded G4 conformation (Figure 3.11A and B). Quantification of the ratio
between the intensity of the newly formed dsDNA bands and the fast-running G4 bands was
used to assess the percentage of dSDNA formation in the presence or absence of the proteins.
The results showed that CSB-FL can significantly increase the dsSDNA formation of about
16% when incubated with 5’-tailed tDNA-1 in the presence of the reverse complementary
strand compared to the control in absence of CSB-FL (Figure 3.11C and Table 3.2A). A
statistically significant difference between the percentage of dsDNA formation in the presence
or absence of the protein was calculated using a two-tailed Student’s #-test, providing a p-
value of p=0.02. Similarly, incubation with CSB-HD (498-1,002) promoted resolution of the
5’-tailed rDNA-1 G4 (Figure 3.11B) with increased dsDNA formation of approximately 15%
compared to the control without CSB-HD, which is comparable to the 16% increase of
dsDNA formation observed for the full-length protein. For CSB-HD the p-value obtained
after the two-tailed Student’s t-test was p=0.0378 (Figure 3.11D and Table 3.2B) (7.

Overall, the gel-based resolvase results recapitulated the reported ability of CSB to partially
resolve G4 structures formed within the 5’-tailed rDNA-1 substrate, confirming that the
produced proteins were functional and could be used for the next investigations. Moreover,
the G4-resolvase activity of CSB-HD indicated that the helicase- “like” domain of CSB could
resolve the 5’-tailed rDNA-1 G4 in a comparable fashion to that of the full-length protein

under the tested experimental conditions.
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Figure 3.11. CSB-FL and CSB-HD display modest rDNA-1 resolvase activity. (A) Gel based-
resolvase assay in presence or absence of CSB-FL. G4 indicates the pre-annealed G4-control, ds is
referred to the pre-annealed dsDNA control using 1:1 ratio between the G4-forming substrate and its
complementary sequence. CSB-FL was incubated with 5’-tailed rDNA-1 and 5-fold excess of its
reverse complementary sequence for increasing time (from 0.5 min to 40 min). The last two lanes are
the controls without CSB-FL. (B) Gel based-resolvase assay using 5’-tailed rDNA-1 in presence or
absence of CSB-HD (498-1,002). The fluorophore-labelled G4-forming sequence is represented as a
purple G4 that runs faster compared to the dsSDNA which runs slower on the gel, and it is represented
as a pink/purple double helix. (C) Column graph of quantified gel-based resolvase assays using 5’-
tailed rDNA-1 with or without CSB-FL. (D) Column graph of quantified gel-based resolvase assays
using 5’-tailed tDNA-1 with or without CSB-HD. All quantified gel-based resolvase assays were
based on the average of three independent experiments. Significance was calculated based on a two-
tailed Student’s t-test. Asterisks indicate statistical significance at 95% CI between the data with

***%p <0.0001 and *p < 0.05. The results presented in this figure have been taken from Liano et al.

(197)
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3.2.2 CSB Can Partially Resolve Different rDNA G4s But

Requires a 5’- end Tail

Once the activity of the produced proteins was assessed, a deeper characterisation of the
resolvase activity of CSB towards G4s was necessary to better understand the mechanism by

which this protein processes G4 structures.

To further investigate the ability of CSB to resolve different rDNA G4s, a novel rDNA-2 G4-
forming sequence 1°¥ was tested (°?. For consistency with the previous tDNA-1 used, the
fluorescently-labelled rDNA-2 presented the same 20-bp tail at its 5’-end (see Table 5.7 for
the oligonucleotide sequence used) !°7. As expected, gel-based helicase assays revealed
partial resolution of the 5’-tailed rDNA-2 G4 upon incubation with CSB-FL and increased
dsDNA formation of approximately 15% in the presence of the protein (Figure 3.12A and B
and Table 3.2A) D, The similar results obtained with two different rDNA G4s confirmed
that CSB can only partially resolve rDNA G4s.

Next, the need for the 5°- tail for G4-resolution was evaluated by testing an untailed rDNA-1
substrate (see Table 5.7 for the oligonucleotide sequence used). Interestingly, CSB-FL was
not able to resolve the untailed rDNA-1 G4 as no difference in dsDNA production was
observed by gel after incubation of the untailed rDNA-1 substrate with its reverse
complementary strand and CSB-FL (Figure 3.12C). In agreement with this result,
quantification of the dsDNA formation did not show any significant increase in dsDNA
formation in presence of CSB-FL compared to that of the control in absence of the protein
(Figure 3.12D and Table 3.3). The inability of CSB-FL to resolve the untailed rDNA-1
substrate suggested that, like other helicases reported in literature, CSB requires a single-

stranded overhang tail to initiate the structural modification of the G4 substrate (197227,
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Figure 3.12. An overhang tail is essential for the IDNA G4 resolvase activity of CSB. (A) Gel based-
resolvase assay using 5’-tailed DNA-2 substrate in presence or absence of CSB-FL. G4 indicates the
pre-annealed G4-control, ds is referred to the pre-annealed dsDNA control. CSB-FL was incubated
with 5’-tailed rDNA-2 and its reverse complementary for increasing time (from 0.5 min to 40 min).
The last two lanes are the controls without CSB-FL. The fluorophore-labelled G4-forming sequence is
represented as a purple G4. dsDNA is represented as pink/purple double helix. (B) Column graph of
quantified gel-based resolvase assays using 5’-tailed rDNA-2 with or without CSB-FL. The results are
expressed as percentage of dSDNA formation. All quantified gel-based resolvase assays were based on
the average of three independent experiments. Significance was calculated based on two-tailed
Student’s #-test. Asterisks indicate statistical significance at 95% CI between the data with *p < 0.05.
(C) Gel based-resolvase assay using untailed DNA-1 substrate in the presence or absence of CSB-FL.
(D) Column graph of quantified gel-based resolvase assays using untailed rDNA-1 with or without

CSB-FL. This figure has been redrawn from Liano et al."*?.
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Table 3.2. Quantification of the resolvase assay gels testing different rDNA-1 and rDNA-2 G4-
forming sequences. The gel quantification is represented as the percentage of the ratio between the
intensities of dsSDNA formation and the G4 bands at 0.5 min and 40 min in the presence or absence of
either CSB-FL (A) or CSB-HD (B). Significance was calculated based on two-tailed Student’s #-test.
Asterisks indicate statistical significance at 95% CI between the data with ****p <0.0001 and *p <

0.05. Tables adapted from Liano et al.""*”.

3.2.3 CSB Does Not Resolve Other G4s

Gel-based resolvase assay confirmed the ability of CSB to partially unwind different rDNA
G4s in presence of a 5’-tail. To further investigate the resolution of different G4 structures,
we studied whether the G4-resolvase activity of CSB was limited to tDNA substrates or if

partial resolution could also be observed for non-rDNA G4s.

Therefore, a panel of different fluorophore-labelled G4s was tested with the same gel-based
resolvase assay employed for rDNA. The panel of G4s used included c-KIT1, hTELO,
HRAS, and ¢c-MYQC, all functionalised with the same 20 bp 5’-tail used before (see Table 5.7
for the oligonucleotide sequences used). Interestingly, negligible G4 resolution was observed
for all the tested 5°-tailed G4s after incubation with CSB-FL compared to that of the controls
without the protein (Figure 3.13 A-H) suggesting that the resolvase activity of CSB was
limited to tailed rDNA G4s under the tested experimental conditions'®’. Unlike the others, the
G-runs are longer in rDNA sequences which might be the reason for their selective resolution

promoted by CSB.
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Figure 3.13. Gel-based resolvase assay of a panel of 5’-tailed non-rDNA substrates and their
quantification. Gel-based resolvase assays of: (A) 5’-tail c-KIT1; (B) 5’-tail hTELO; (C) 5’-tail
HRAS; (D) 5’-tail c-MYC. The fluorophore-labelled G4-forming sequence is represented as a purple
G4 that runs faster compared to the slower run of dsDNA, and it is represented as pink/purple double
helix. Quantification of the gel-based helicase assay using: (E) 5°-tail ¢-KIT1; (F) 5’-tail hTELO; (G)
5’-tail HRAS; (H) 5’-tail ¢-MYC. The column graphs of quantified gel-based resolvase assays
presented in this figure are expressed as percentage of dSDNA formation in the presence or absence of
CSB-FL. All quantified gel-based resolvase assays were based on the average of three independent
experiments. Significance was calculated based on two-tailed Student’s #-test. This figure has been

adapted from Liano et al.""*”,

Unsurprisingly, a similar lack of G4 resolution was also observed for untailed ¢c-MYC,
untailed c-KIT, and a 3’-tailed cMYC'"” (Figure 3.14 A-F). Indeed, quantification of the gel-
based resolvase assays did not report a statistically significant difference between the

percentage of dsDNA formed in the presence or absence of CSB-FL (Table 3.3).
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Figure 3.14 Gel-based resolvase assay of a panel of untailed or 3’- tailed G4s and their quantification.
Gel-based resolvase assays of: (A) untailed ¢c-MYC; (B) untailed c-KIT; (C) 3’-tail c-MYC;
Quantification of the gel-based helicase assay using: (D) untailed c-MYC; (E) untailed ¢-KIT; and (F)
3-tail c-MYC. The column graphs of quantified gel-based resolvase assays presented in this figure are
expressed as percentage of dSDNA formation in the presence or absence of CSB-FL. This figure has

been adapted from Liano et al.!"*”.
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G4 sequence CSB-FL NO CSB-FL
(0-40 min) (0-40 min)
cKIT1 45.1 40.6
5'-tail
hTELO 41.2 494
5'-tail
HRAS 69.8 67.8 2
5'-tail &
cMYC 36.3 28.3 :
5'-tail =
cMYC 52.7 59.2 E_
_tail ~~
3'-tail §
rDNA -1 241 246
No tail
cMYC 38.1 39.2
No tail
cKIT1 348 429
No tail

Table 3.3. Quantification of the gel-based resolvase assay gels testing different non-rDNA G4s and
untailed-tDNA-1 G4-forming sequences. The gel quantification is represented as percentage of the
ratio between the intensities of dsDNA formation and the G4 bands at 0.5 min and 40 min in the

presence or absence of CSB-FL.

3.2.4 FRET-based Unfolding Assays Confirmed the
Inability of CSB to Resolve Non-rDNA G4s

Although the quantification of the gel-based helicase assays revealed negligible G4-resolvase
activity of CSB-FL on non-rDNA G4 substrates, a careful observation of the resolvase gels
indicated that some of the non-rDNA G4s tested, for instance c¢-KIT, hTELO and HRAS
(Figure 3.13), could fully form dsDNA in presence of their reverse complementary strand
after 0.5 min or 40 min incubation in absence of CSB. The formation of dsDNA in absence of
CSB suggested instability of these G4s under the experimental conditions used. Therefore, an
additional more quantitative FRET-based unfolding assay that followed the G4-resolution in
real time was needed to overcome the time points limitation associated to the gel-based
resolvase assays and further assure the accuracy of the results obtained from interpretation of
the resolvase gels. In more detail, FRET requires a dually fluorophore-labelled G4-forming
sequence containing different fluorophores at its 5°- and 3’-ends, called donor and acceptor,
respectively. When the G4 structure is folded, the two fluorophores are relatively close to
each other. Consequently, excitation of the donor will result in emission of the closer

acceptor, causing an overall low fluorescence of the donor. Addition of a G4-resolvase in the
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sample will instead promote a gradual increase in the donor signal as the two fluorophores
will be more separated in the space upon resolution of the G4 structure. The gradual increase
of the donor emission can be followed in real time and it is indicative of the G4-unfolding in
presence of the G4-resolvase. The linearised substrate is then stabilised by its reverse
complementary strand, which is also added into the sample, with consequent formation of a
dsDNA substrate. The comparison between the G4-unfolding rate in the presence and in
absence of the protein provides a quantitative indication of the ability of the protein to resolve
the G4 structure, which we could have missed in the single points gel-based resolvase assays

(a more detailed overview on FRET-based unfolding assay is described in Section 2.2).

In this work, the FRET-based resolvase assays were performed with the help of Souroprobho
Chowdhury (a third-year PhD student in M. Di Antonio’s group). The G4-resolvase activity
of CSB towards non-rDNA G4s was tested using a parallel c-KIT1 G4-forming sequence and
mixed-type hTELO G4 (see Table 5.7 for the oligonucleotide sequences used), both annealed
under KCl conditions to promote stable G4-formation. These G4s were both dually labelled
with 5’-Fluorescein (FAM, donor) and 3’-Carboxytetramethylrhodamine (TAMRA, acceptor)
fluorophores, as FRET-pair. The unfolding rate of ¢-KIT1 and hTELO G4s was measured in
real time either in the presence or absence of CSB-FL or CSB-HD (498-1,002). Notably, both
proteins were not able to accelerate the unfolding rate of the two G4s tested, as no difference
in rate was detected in the presence of CSB-FL or CS-HD (Figure 3.15A-D). The assay was
also run in the presence of ATP to further confirm the lack of CSB-HD resolvase activity

towards ¢c-KIT1.

Altogether, these results indicate that the G4-resolvase activity of both CSB-FL and CSB-HD
is only partial and limited to tailed rDNA G4s.
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Figure 3.15. FRET-based helicase assays confirmed the absence of non-rDNA G4 resolution after
incubation with either CSB-FL or CSB-HD. (A) FRET-based helicase assay performed using c-KIT1
substrate in presence of its complementary sequence. The experiment was performed with 100 mM
KClI either in the presence or absence of CSB-FL. (B) FRET-based helicase assay performed using c-
KIT1 in the presence or absence of CSB-HD. In this specific case, the sample was supplemented with
5 mM ATP to further confirm the lack of G4 resolution. (C) FRET-based helicase assay performed
using hTELO substrate in the presence or absence of CSB-FL. (D) FRET-based helicase assay
performed using hTELO substrate in the presence or absence of CSB-HD. All experiments were
performed in triplicates. Curves represent the best-fit from single-exponential curve-fitting to triplicate
data. Half-lives expressed in seconds as 95% credible interval profile likelihood (computed using

Graphpad Prism), with constraints and plateau set as y0=0 and 100, respectively
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3.2.5 rDNA G4-Resolvase Activity of CSB Is Not
Dependent on CSB Concentrations or Incubations

Times

Once the selectivity of CSB for rDNA G4s was confirmed, multiple screenings were
performed to investigate the conditions under which CSB was able to fully resolve rtDNA
G4s. Either higher concentrations of CSB-FL were used for the gel-based resolvase assays, or
the protein was incubated for longer times with the 5’-tailed rDNA-1 substrate to investigate

time-dependency.

Interestingly, exposure to either 20 nM or 40 nM CSB-FL did not improve the rtDNA G4
resolution. An intense signal from the fast-running G4 band was observed in all the samples
(Figure 3.16A), indicating that most of the G4 was still folded after 40 min incubation with
higher concentrations of the protein. Similarly, longer incubation times of the 5’-tailed rDNA-
1 with CSB-FL extended up to 160 min or overnight (O/N) were not sufficient to fully resolve
the G4 structure (Figure 3.16B) (°?. Based on these observations we speculated that the
presence of a specific structural G4 topology exclusively formed within tDNA sequences
under the tested experimental conditions was responsible for the partial resolvase activity

displayed by the protein (7).
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Figure 3.16 The resolvase activity of CSB towards rDNA G4 is not dependent on CSB concentrations
or incubation times. (A) Resolvase gel using higher CSB-FL concentrations. Lane 1: control 5’-tailed
rDNA-1 incubated with its reverse complementary for 0.5 min in absence of CSB-FL. Lane 2:
incubation of 5’-tailed rDNA-1 and its reverse complementary with 20 nM CSB-FL for 0.5 min. Lane
3: incubation with 20 nM CSB-FL for 40 min. Lane 4: incubation with 40 nM CSB-FL for 0.5 min.
Lane 5: incubation with 40 nM CSB-FL for 40 min. Lane 6: control 5’-tailed rDNA-1 incubated with
its reverse complementary for 40 min in absence of CSB-FL. (B) Gel-based resolvase assay testing
longer incubation time. G4 and the ds lane indicate the controls. Lane 1 and 3: incubation with 5 nM
CSB-FL for 160 min or O/N, respectively. Lane 2 and 4: incubation without CSB-FL for 160 min or
O/N, respectively. Lane 5 and 7: incubation with 10 nM CSB-FL for 160 min or O/N, respectively.
Lane 6 and 8: incubation without CSB-FL for 160 min or O/N, respectively. The gels shown in this

figure have been adapted from Liano et al. 7.,

3.2.6 CD Analysis Failed to Identify Structural Features
that are Specific of rDNA G4s

To understand whether the rDNA sequences could form a specific G4-topology selectively
resolved by CSB, the CD analysis of the rtDNA-1 and rDNA-2 sequences was performed
(CD) (see section 1.2.2 for an overview of the CD technique). The CD spectra of all the
sequences tested identified a clear parallel G4-conformation, as assessed by the maxima ~263
nm and minimum ~240 nm @*® (Figure 3.17A-B and D-E), except for the untailed tDNA-1
which revealed a mixed topology ?*? (Figure 3.17C). The CD spectra of an additional rDNA-
3 (see Table 5.7 for the oligonucleotide sequence) confirmed that tDNA G4s are mostly
folded in a parallel conformation both in the presence and absence of the tail (Figure 3.17F-
G), suggesting that the selectivity of CSB towards rDNA G4s is unlikely to be caused by a
topology-based selectivity of the protein 1°7),

101



Interestingly, the CD spectra of the tested rDNAs revealed that these sequences were still able
to form G4 structure when annealed in buffer containing LiCl. The Li" cation is a weak G4-
stabiliser and lower G4-formation is normally expected under LiCl conditions. However, the
ability of rDNA sequences to form G4s even when annealed in LiCl buffer, suggested that
rDNA G4s are generally very stable and can promptly form parallel G4s under non G4-
stabilising conditions either in the presence or absence of the 5’- tail, with the exception of

untailed rDNA-1, which forms a mixed-type G4 under K stabilisation.
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Figure 3.17. CD analysis revealing mostly parallel rDNA G4-topology in LiCl and KCI buffers. (A)
CD spectra of 5’-tailed rDNA-1. (B) CD spectra of 3’-tailed rDNA-1. (C) CD spectra of untailed
rDNA-1. (D) CD spectra of 5’-tailed rDNA-2. (E) CD spectra of untailed rDNA-2. (F) CD spectra of
5’-tailed rDNA-3. (G) CD spectra of untailed rDNA-3. The recorded spectra represent the average of
three different reads corrected by using the CD-spectra of buffer alone as a blank. This figure has been

adapted from Liano et al. 7.

102



3.2.7 Polymerase Stop Assays Confirmed the High
Stability of rDNA G4s

To validate the high propensity of rDNA sequences to form G4 even in absence of the
stabiliser K* cation, polymerase stop assays were performed to assess the relative stability of
these G4-structures. The polymerase stop assay is based on the principle that a G4 within a
DNA template acts as a knot and blocks a DNA polymerase processing and replicating the
DNA template. In fact, the DNA polymerase is incapable to resolve the stabilised G4 and
pauses replication at the G4-forming site. Hence, the stalling of the DNA polymerase is
indicative of G4-stability, with more stable G4s capable of stalling DNA polymerase to a
greater extent. The stalling of the polymerase could be estimated by gel electrophoresis.
Indeed, the stalling of the DNA polymerase at the G4-forming site will generate prematurely
terminated DNA products that run faster than the fully elongated ones *® (Figure 3.18A and

Section 1.3.2 for a further overview about the polymerase stop assay technique).

To confirm the stability of IDNA G4s, two different I DNA G4-forming sequences were tested
by the polymerase stop assay. In particular, either the rDNA-1 or a different rDNA-4 G4-
forming sequence 1917 was inserted within two separate DNA templates, which present a
region complementary to a fluorescently labelled primer (see Table 5.8 for the oligonucleotide
sequences used). Each G4-forming template was mixed with the primer and annealed by
boiling and slow cooling the mixture to RT either in KCI or LiCl buffers. The annealing of the
mixture allowed both the primer to bind the template and the G4 to form (Figure 3.18A).
Then, the annealed samples were incubated with either the G4-stabiliser PDS or increasing
concentrations of CSB-FL (or -HD) (0.5 nM, 5 nM, and 50 nM). Starting from the free 3’-OH
of the primer, the polymerase will extend the template. This template will be fully elongated
if the G4 structure is not stabilised whilst premature terminated products are expected if the
G4 blocks the processivity of the polymerase (Figure 3.18A). After incubation, the samples
were run on an electrophoretic gel. Fast-running premature terminated products, which are
indicative of polymerase arrest in the presence of the G4 structure, were observed equally in
KCI and LiCl indicating that rDNA G4s are highly stable also under LiCl conditions. As
expected, maximum stalling of the polymerase was observed in the presence of PDS (Figure
3.18B-E) "??. The polymerase stop assay also revealed that the highest concentration (50 nM)
of CSB-FL (Figure 3.18B-C) or CSB-HD (Figure 3.18D-E) was generally required to observe

full elongation of the DNA polymerase, while prematurely terminated products were still
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observed in the presence of lower concentrations (0.5 nM and 5 nM) of either CSB-FL or

CSB-HD.
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Figure 3.18. Polymerase stop assay indicating polymerase arrest at the level of the TDNA G4-forming

sequence both in KCl and LiCl. (A) Schematic representation of the polymerase stop assay. (B)
Electrophoretic gel showing the formation of elongated and stopped rDNA-1 products in presence or
absence (-) of increasing concentrations of CSB-FL or pyridostatin (PDS) either under KCI or LiCl
conditions. (C) Experiment performed using rDNA-4 sequence. (D) Electrophoretic gel showing the
formation of elongated and stopped rDNA-1 products in the presence or absence (-) of increasing
concentrations of CSB-HD or pyridostatin (PDS) under KCI or LiCl conditions. (E) Experiment
performed using rDNA-4 sequence. The red asterisks indicate a possible loss of activity of the protein

or experimental variability. This figure has been adapted from Liano et al. ("

3.2.8 CSB Selectively Binds Intermolecular rDNA G4s

rDNA CAN FORM INTERMOLECULAR G4s

To further investigate the nature of the resolution of rDNA G4s elicited by CSB, EMSAs

were performed to assess the binding affinity of CSB towards the same panel of G4s tested in
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the resolvase assays. The interaction between CSB and different G4-forming sequences could
be identified on a native gel using fluorescently labelled oligonucleotides. The fluorophore-
labelled oligonucleotide was incubated with increasing concentrations of the protein for a
fixed time prior to the electrophoretic run. The oligonucleotide-CSB complex presented less
mobility through a native gel than the free oligonucleotide, therefore, a shift in the
oligonucleotide band is indicative of the interaction between the protein and the substrate

(further details about the EMSA technique are provided in Section 2.2).

In more details, a Cy5- labelled 5’-tailed rDNA-1 annealed in KCl buffer was firstly
incubated with increasing concentrations (0—150 nM) of CSB-FL for 30 min. The samples
were then run on a native polyacrylamide gel. The gel showed a shift in the G4 band starting
at approximately 40 nM of the protein (Figure 3.19A) indicating interaction between CSB-FL
and the tailed rDNA-1 G4. Furthermore, on the same gel, two slow-moving low-intensity
bands were observed in the free rTDNA sample (green arrows, Figure 3.19A), suggesting that
alternative higher MW structures could form after annealing of rDNA-1 G4 that were not

observed in the gels used in the resolvase assays.

To better elucidate the nature of these different bands within the free rDNA-1, the samples
were also run on an agarose gel, as an efficient and effective way of separating nucleic acids
and large protein complexes **?. Similar to the polyacrylamide gel, the agarose gel revealed
clear formation of two higher MW bands in the free rDNA-1 G4 sample annealed in KCl
buffer (Figure 3.19B) (°7). Interestingly, these higher MW bands disappeared when rDNA-1
was annealed using LiCl buffer (Figure 3.19C). The formation of slow-running bands only in
the presence of the G4-stabiliser cation K* further suggested the hypothesis of formation of
alternative G4 structures within the tailed rDNA sample that requires KCl to be observed.
Specifically, the higher MW bands formed could be indicative of the formation of
intermolecular G4s between multiple rDNA sequences, while the fast-moving bands present
in both KCl and LiCl conditions could be indicative of more stable intramolecular G4-

formation.
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Figure 3.19. 5’-tail rDNA-1 can form higher MW bands under KCI condition. (A) Polyacrylamide
EMSA gel showing molecular shift of the free G4-bands from ~40 nM CSB-FL indicating the
interaction between the protein and 5°-tail rDNA substrate. The G4-related band is indicated with a
fluorophore-labelled purple G4 at the bottom of the gel. The protein-G4 complex is represented as a
globular yellow protein bound to the fluorophore-labelled G4 structure. The two green arrows indicate
formation of multiple higher MW structures within the free rDNA sample. (B) Agarose EMSA gel
confirmed the formation of higher MW bands within the 5’-tail rDNA substrate under KCI conditions.
(C) Agarose EMSA gel of the 5’-tail rDNA substrate under LiCl conditions. The fast-running band
corresponds to intramolecular G4 (purple arrow), while the slow-running bands correspond to

intermolecular G4s (green arrows). The gels shown in (B) and (C) have been adapted from Liano et
al.t%",

To understand whether the two slow-moving bands were intermolecular G4s, the unlabelled
5’-tailed rDNA-1 was annealed either in KCl or LiCl buffer and run in a native agarose gel in
the presence of a dSDNA ladder. Again, the gel revealed only a single fast-running band when
the rDNA substrate was annealed in LiCl buffer, while the formation of higher MW bands
was observed using KCI. The apparent MW of these slow-running bands was either twice or
four times the one expected for 5’-tailed rDNA-1 (48 bases) (Figure 3.20A) 17, confirming

that the 5’-tailed rDNA-1 substrate forms intermolecular G4s (bimolecular or tetramolecular,
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respectively) under stabilising KCI1 conditions. The fast-moving bands observed both in KCI
and LiCl could instead indicate the formation of more stable intramolecular G4s, as those

formed under LiCl conditions were observed by CD analysis and polymerase stop assays 7.

To validate that all the bands detected in the gel were indeed representative of folded G4s
(intra and inter molecular), the same agarose gel was stained with a G4-specific probe
N-methylmesoporphyrin IX (NMM) 3D (Figure 3.20B). This experiment showed NMM
staining of both the higher and lower MW bands formed from all the three different 5’-tailed
rDNAs that were previously tested, ascribing both the fast- and slow-moving bands to G4
conformations 1°7). Negligible staining was observed for a ssDNA control that was not able to
form a G4 structure (see Tables 5.7 and 5.8 for all the oligonucleotide sequences used in this
experiment). Moreover, a truncated version of the 5’-tailed rDNA-1 sequence was designed
by removing one of its four G-tracts. Due to the lack of four G-tracts, this 5’-tailed truncated
rDNA-5 bimolecular sequence was no longer able to form an intramolecular G4 but could
form intermolecular G4s. Indeed, this oligonucleotide was still generating higher MW bands
when annealed under KCl conditions (Figure 3.20C). The CD spectra of the truncated rDNA-
5 bimolecular sequence annealed in KCI buffer confirmed parallel G4-formation (Figure

3.20D), further validating that rDNA could form intermolecular G4 structures 1°7,
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Figure 3.20. rtDNA can form intermolecular G4-structures under KCl condition. (A) Agarose gel of
unlabelled 5’-tail rDNA-1 substrate annealed in buffer containing either LiCl or KCI. L is the dsDNA
ladder. Lane 1: 5’-tail rDNA-1 annealed in buffer containing 100 mM LiCl. Lane 2: 5’-tail rDNA-1
annealed in buffer containing 100 mM KCI. Lane 3: 5’-tail rDNA-1 annealed in buffer containing 100
mM KCI+30% PEG200. (B) NMM staining of agarose gel. Lane 1: ssDNA, Lane 2: untailed rDNA-1
in KClI buffer, Lane 3: 5’-tail rDNA-1 in KCl buffer, Lane 4: 5’-tail rDNA-2 in KCl buffer, Lane 5: 5’-
tail rDNA-3 in KCI buffer, Lane 6: untailed rDNA-1 in LiCl buffer. ssDNA band is indicated with a
red linear strand, intramolecular G4s are indicated with a light purple G4 while intermolecular G4s are
indicated with a G4 formed by light and dark purple strands. (C) Agarose gel of 5- tail truncated
bimolecular rDNA-5 sequence annealed either in LiCl or KCI. The fast-running band corresponding to
the intramolecular G4 is indicated with a light purple G4, while the slow-running band corresponding
to the intermolecular G4 is indicated with a G4 formed by a light and a dark purple strand. (D) CD
spectra indicating G4-formation within the truncated 5°-tail rDNA-5 substrate. The spectra were
recorded both using KCI buffer and LiCl buffer. The absorbance of the buffers was subtracted from
the recorded spectra. The final spectra represent the average of three different reads. The results

presented in this figure have been adapted from Liano et al."*?.
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CSB SPECIFICALLY INTERACTS WITH INTERMOLECULAR rDNA G4s

The agarose EMSAs obtained after incubation of CSB-FL with the 5’-tailed rDNA-1 not only
revealed formation of intramolecular and intermolecular G4s under KCl conditions, but the
ability of CSB to interact with these rDNA G4 substrates, as suggested by the polyacrylamide
EMSA. Moreover, the agarose EMSA also indicated a specific interaction between CSB-FL
and the intermolecular G4s, whilst binding to the intramolecular G4 required a higher

concentration of the protein, both under KCI or LiCl conditions (Figure 3.19B and C).

Similarly, low concentrations of CSB-HD (498-1,002) were able to interact only with the
intermolecular rDNA-1 G4 subtype that was formed under KCI conditions (Figure 3.21A),
while higher concentrations of CSB-HD were required for the interaction with the
intramolecular G4 substrate, both in KCI and LiCl buffers (Figure 3.21A and B). This specific
interaction of CSB-FL and CSB-HD with the intermolecular G4s formed within the 5’-tailed
rDNA-1 suggested higher specificity of the proteins for these particular G4 subtypes than that

of the intramolecular ones.
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Figure 3.21. CSB interacts with intermolecular rDNA G4s with higher affinity than that of
intramolecular G4s. (A) Agarose EMSA performed using 5’-tailed rDNA-1 substrate annealed in KCl
buffer and increasing concentrations of CSB-HD. The interaction between the slow-moving
intermolecular G4 and low concentrations of CSB-HD is indicated with a yellow globular protein that
interacts with the G4 formed from light and dark purple strands. The interaction between the fast-
moving intramolecular G4 and high concentrations of CSB-HD is indicated with a yellow globular
protein that interacts with the G4 formed from a light purple substrate. (B) Agarose EMSA performed
using 5’-tailed rDNA-1 substrate annealed in LiCl buffer and increasing concentrations of CSB-HD.

This figure has been redrawn by adapting the results presented in Liano et al. 7,

Notably, the interaction between CSB and intermolecular G4 was saturated at 5 nM CSB-HD,
suggesting sub-nanomolar affinity. More EMSA experiments were performed using a lower
concentration range of CSB to assess the Kd of CSB binding to intermolecular rDNA G4s
(197 Since the helicase- “like” domain of CSB displayed the same activity as the full-length
protein in all the assays performed, CSB-HD (498-1,002) was used thereafter. Initially, the
5’-tailed rDNA-1 sequence annealed either in KCI or LiCl was incubated with increasing
concentration of CSB-HD (0-5 nM). As expected, CSB-HD selectively bound the
intermolecular G4 bands formed in KCl buffer (Figure 3.22A), whilst negligible interaction
was observed between CSB-HD and the intramolecular G4 bands formed both in KCI and
LiCl buffers (Figure 3.22A and B). The Ka calculation for this interaction revealed an
astonishing picomolar affinity of CSB-HD for the intermolecular rDNA-1 G4s with a K4 of
557.5 pM [442.2-698.0 pM — 95% CI] (Figure 3.22C) 17,

The high selectivity and affinity of CSB towards intermolecular rDNA G4s was further
investigated by testing different rDNA substrates. The 5’-tailed rDNA-2 and the 5’-tailed
rDNA-3 G4-forming sequences previously tested by gel-based resolvase assays and CD were

annealed both in KCl and LiCl buffers and incubated with increasing concentrations of CSB-
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HD (0-5 nM). Agarose gel showed the formation of intermolecular G4s within both the 5°-
tailed rDNA-2 and 5’-tailed rDNA-3 substrates under KCI conditions (Figure 3.22D and E).
Although less intense compared to that with KCl, the controls also annealed in LiCl showed
the formation of intermolecular G4s to a lesser extent, suggesting high stability of
intermolecular G4s formed within rDNA-2 and rDNA-3. Consistent with the results obtained
for rtDNA-1, CSB-HD was able to bind the intermolecular G4 subtype with high affinity,
yielding Kds 0f 359.9 pM [205.2-594.1 pM — 95% CI] and 977.1 pM [476.3—1924 pM — 95%
CI] towards intermolecular rDNA-2 and rDNA-3 G4s, respectively (Figure 3.22C-E) (7).
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Figure 3.22. CSB interacts with intermolecular tDNA G4s with picomolar affinity. (A) Agarose
EMSA gel on 5’-tailed rDNA-1 G4 using 0 to 5 nM CSB-HD in KCI buffer. The first lane is a control
with the oligonucleotide annealed in LiCl. The intermolecular G4s formed within rDNA-1 sequence in
KCI are represented with a fluorophore-labelled G4 formed between a light and a dark purple
sequence. The interaction between the intermolecular G4 and CSB-HD is indicated with a yellow
globular protein that interacts with the G4 formed from light and dark purple strands. (B) Agarose
EMSA gel on 5’-tailed rDNA-1 G4 using 0 to 5 nM CSB-HD in LiCl buffer. The first lane is a control
with the oligonucleotide annealed in KCI. Intramolecular G4s are represented with a G4 formed within
the same light purple sequence. Intermolecular G4s are represented with a light and dark purple G4.
(C) Binding curves expressing the percentage of different TDNA sequences bound to increasing
concentrations of CSB-HD (0 to 5 nM) in KCI or LiCl buffers. (D) Agarose EMSA gel on 5’-tailed
rDNA-2 G4 using 0 to 5 nM CSB-HD in KCIl buffer. The first lane is a control with the
oligonucleotide annealed in LiCl. (E) Agarose EMSA gel on 5’-tailed rtDNA-3 G4 using 0 to 5 nM
CSB-HD in KCI buffer. The first lane is a control with the oligonucleotide annealed in LiCI. All the
EMSAs were performed in duplicates and the Kgs were calculated using a one site specific binding
equation using GraphPad Prism 9.0.1 software and 95% CI. This figure has been adapted from Liano

etal. 17,
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3.2.9 CSB Does Not Bind Intramolecular G4s

To understand whether CSB could also bind different G4s or non-G4 structures, the same
EMSAs using native agarose gels were performed incubating CSB-HD with a panel of

different non-rDNA substrates.

To achieve this, the binding activity of CSB-HD was tested for the same panel of G4-forming
sequences used for the gel-based resolvase assays. Interestingly, CSB-HD was not able to
bind 5’-tailed c-KIT1, c-MYC, HRAS, and hTELO at concentrations ranging between 0 and 5
nM (Figure 3.23A-D). Unsurprisingly, the agarose gels revealed the absence of intermolecular
G4 formation within all the sequences tested with the only formation of a single fast-moving
intramolecular G4-band, both in KCI and LiCl buffer, as expected for these very well
characterised G4-forming sequences !°”. In agreement with what was observed for tDNA-1,
CSB-HD was able to interact with the intramolecular G4 structure only at high protein
concentrations (>50 nM CSB-HD), confirming the lower binding affinity of CSB towards

intramolecular G4s.

Similarly, high concentrations of CSB-HD were required to observe the binding between the
protein and either a non-G4-forming single stranded (ss) DNA sequence (Figure 3.23E) or a
mutated rDNA-1 sequence, which was no longer able to form G4s (Figure 3.23F) (see Table
5.8 for the oligonucleotide sequences used), suggesting that under these conditions, CSB was
unable to discriminate between different types of DNA structures, leading to unspecific

binding 1°7.
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Figure 3.23. CSB binds intramolecular G4s with low affinity and this interaction is not specific over
ssDNA. (A) Agarose EMSA incubating increasing concentrations of CSB-HD with 5’-tailed c-KIT1
substrate annealed in KCl buffer. The first lane is the control annealed in LiCl. The intramolecular G4
band is represented with a G4 structure formed within the same fluorophore-labelled sequence. (B)
Agarose EMSA using 5’-tailed c-MYC substrate. (C) Agarose EMSA using 5’-tailed HRAS substrate.
(D) Agarose EMSA using 5’-tailed hTELO substrate. (E) Agarose EMSA using a non-G4-forming
ssDNA sequence. The bands corresponding to the fluorophore-labelled ssDNA are represented with a
red ss sequence. (F) Agarose EMSA using a mutated 5’-tailed rDNA-1 sequence. The band on the gel
corresponding to the 5’-tailed rDNA-1 free substrate is represented as a light blue ss sequence. Figure

adapted from Liano et al. ?7.

3.2.10 Necessary 5’- or 3’ Tail for Intermolecular rDNA
G4s to Form

We next wanted to understand the influence of the tail on the CSB-G4 interaction and if
different positioning of the tail, or its absence, could perturb the binding affinity of CSB-HD

towards intermolecular rDNA G4s.
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To achieve this, we tested CSB binding against a 3’-tailed rDNA-1 and a 3’-tailed c-MYC
sequence using the same EMSAs conditions described in Section 3.2.8. The 3’-tailed rDNA-1
showed the formation of intermolecular G4s bands when annealed in KCI buffer, similar to
the observed for the 5’-tailed counterpart (Figure 3.24A). As expected, CSB-HD was able to
only bind with high affinity the intermolecular G4 structure formed by the 3’-tailed
oligonucleotide. Calculation of the K4 using the EMSA gel, revealed picomolar affinity of
CSB-HD on the intermolecular G4 substrate with K4 of 175.5 pM [82.7-315.9 pM — 95% CI]
(Figure 3.24A and B). The K4 value indicated ~3-fold higher affinity of CSB-HD for the 3’-
tailed rDNA-1 than that of its 5’-tailed counterpart, indicating that the G4-binding of CSB

might have a slight preference for a 3’- to 5°- orientation'®’

. As expected, only a single fast-
running band indicative of an intramolecular G4 was observed with the 3’-tailed c-MYC
substrate, with negligible interaction detected between CSB-HD and the 3’-tail c-MYC G4

(Figure 3.24C) 197,

Subsequently, the relevance of the tail for binding was investigated by testing untailed
templates, including untailed rDNA-1, rDNA-2, and ¢c-MYC. Interestingly, the agarose
EMSAs displayed negligible formation of intermolecular G4s for both rDNA-1 and rDNA-2
in absence of the tail annealed in K', with consequent lack of binding to these untailed
substrates. These results confirmed the lack of intermolecular G4-formation for untailed
rDNA-1 as observed by NNM staining (Figure 3.20B), and suggested that either a 5’- or a 3°-
tail is necessary for the intermolecular rDNA G4s to form under our experimental

197

conditions'”’. Unsurprisingly, the untailed c-MYC template showed only the formation of a

single intramolecular G4 band also not bound by CSB-HD.
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Figure 3.24. Essential 5’- or -3’ tail for intermolecular rDNA G4 formation. (A) Agarose EMSA
showing interaction between low concentrations of CSB-HD and the 3’-tail rDNA-1. The first lane is
the control annealed in LiCl. The intramolecular G4 band is represented with a G4 structure formed
within the same fluorophore-labelled sequence, while the intermolecular G4 band is represented with a
G4 structure formed from two different purple sequences. CSB is represented as a yellow globular
protein. (B) Binding curves expressing the percentage of 5’-, 3’- or untailed rDNA sequences bound to
increasing concentrations of CSB-HD (0 to 5 nM) in KCl or LiCl buffers. EMSAs were performed in
duplicates and the Kgs were calculated using a one site specific binding equation using GraphPad
Prism 9.0.1 software and 95% CI. (C) EMSA gel using 3’-tail c-MYC G4. (D) EMSA gel using
untailed rDNA-1. (E) EMSA gel using untailed rDNA-2. (F) EMSA gel using untailed c-MYC. The

results presented in this figure have been adapted from Liano et al. ?7.

TAIL OF AT LEAST 3-5bp IS NECESSARY FOR INTERMOLECULAR rDNA
G4s TO FORM

To understand the minimal length of the tail necessary for the intermolecular G4-formation,
different rDNA-1 sequences with either a 5’- or a 3’- tail of increasing lengths (from 0 to 20
bp, see Table 5.7 for all the oligonucleotide sequences) were annealed in KCI or LiCl buffers

and then analysed by agarose gel electrophoresis.
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As expected, either a 5°- or a 3’-tail 20 bp-long increased the formation of intermolecular G4s
when annealed in KCl buffers, while negligible formation of intermolecular G4s was
observed in absence of the tail. Weaker intermolecular G4 formation was observed for rDNA-
1 with 5’- or 3’-tail either 10 bp or 5 bp long. The 3 bp tail further weakened the
intermolecular G4s when placed at the 5’-end and no intermolecular G4 formation was

observed for the 3 bp tail placed at the 3’-end of rDNA-1 (Figure 3.25A and B).

Altogether these results suggested that either a 5°- or a 3’- tail of at least 3 or 5 bp is essential
for intermolecular rDNA G4s to form under these experimental conditions. Moreover, the
lack of CSB unwinding activity towards untailed rDNA-1 detected by gel-based resolvase
assay (Figure 3.12C and D) is probably explained by the lack of an intermolecular G4-

substrate for CSB to bind to rather than pointing to an essential role of the tail per se.

20bp 20bp 10bp 10bp Sbp 5Sbp 3bp 3bp 0Obp Obp 20bp 20bp 10bp 10bp 5bp 5bp 3bp 3bp Obp Obp
KCl LiCl KCI LiCl KCl LiCl KCl LiCl KCl LiCl KCl LiCl KCl LiCl KCl LiCl KCl LiCl KCl LiCl

[

£

3'-tail rDNA-1

Figure 3.25. Necessary tail of at least 3—5 bp for intermolecular G4s to form. (A) Gel agarose showing
intermolecular G4 formation from the rDNA-1 sequence annealed in either KCI or LiCl buffer that
presents 5’°-tail of different lengths. (B) Gel agarose showing intermolecular G4 formation from the
rDNA-1 sequence annealed in either KCI or LiCl buffer that presents 3’-tail of different lengths. The
intramolecular G4 band is represented with a G4 structure formed within the same light purple
sequence, while the intermolecular G4 band is represented with a G4 structure formed from light and

dark purple sequences.

117



3.2.11 CSB Resolves Any Intermolecular G4s

The binding analysis revealed that CSB interacts selectively and with strong picomolar
affinity with the intermolecular G4s formed within tDNA sequences under KCI conditions
without binding intramolecular G4s formed from either the same rDNA substrates or the
panel of intramolecular G4-forming sequences tested. The selectivity of CSB for
intermolecular G4s was further investigated by assessing its interaction towards a non-rDNA
intermolecular G4. Specifically, a 5’-tailed O. nova d(G4T4G4) ?*>23% telomeric sequence (see
Table 5.8 for the oligonucleotide sequence used), known to form bimolecular G4s, was tested
by agarose EMSAs (7. Since d(GsT4Gs) contains only two guanine-rich tracts in its
sequence, this substrate could only generate bimolecular G4s or single strand DNA, and lacks
the ability to form intramolecular G4s. As expected, the 5’-tail d(G4T4Gas) sequence generated
both slow- and fast-running bands when annealed in KCl buffer, which were assigned to the
bimolecular G4 and ssDNA, respectively. Conversely, only a single fast-running band was
observed in LiCl buffer, which confirmed that in the absence of K*, the oligonucleotide was
exclusively found in its ssDNA form. CSB-HD was able to interact exclusively with the slow-
moving band corresponding to the bimolecular G4s formed upon K stabilisation (Figure
3.26A), with a calculated Ka of 9.878 pM [2.872-23.91 pM — 95% CI] (Figure 3.26B).
Consistently to what was observed for the rDNA substrate, untailed d(G4T4+G4) could not form
intermolecular G4s and only the ssDNA was observed for the untailed O. nova substrate

(Figure 3.26C), which was not bound by CSB-HD (Figure 3.26B) (7).

Finally, the ability of CSB to resolve d(G4T4+Gs) G4s was also investigated by gel-based
resolvase assay. Unsurprisingly, this assay revealed a modest increase of d(G4TsGs) G4
resolution after incubation with CSB-HD (Figure 3.26D and E). The ~11% increased
resolution of d(G4T4Gs) G4 agreed with the small percentage of bimolecular G4 formed

within this tailed substrate, suggesting specific intermolecular G4 resolution.

Overall, these results demonstrated the ability of CSB to interact selectively with any type of
intermolecular G4s besides the ones formed by rDNA substrates, suggesting that CSB’s
biological role could span beyond rDNA, and raising interesting possible avenues that could
be investigated in the future, such as the role of CSB in resolving R-loops type intermolecular
G4 that can be formed during active transcription. Moreover, the gel-based resolvase assays

confirmed that the picomolar affinity interaction between CSB and intermolecular G4s is
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necessary to promote the selective resolution of such intermolecular structures in an ATP-

independent fashion (197,

A CSB-HD (nM) B
e i 0. nova-G4 5'-tail
LICl 0 0205 1 15 3 5 50 200
60+
{
r E § 40
‘ ! : , E - 5'-tail O, nova G4 (KC1)
‘ L\/ -------- E 204 5'-tail 0. nova G4 (LiCl)
Clumf] . [ &
" sssssssat .
) ; ; :
5'tail O. nova G4 (KCI) CSB-HD (nM)
C D E
CSB-HD (nM) 5'-tail 0. nova G4
no CSB-FL -
LICl0 02051 15 3 5 50 200 time (min)

n

G4 ds 05 1 25

5 10 40 0.5 40

dsDNA (un]

- {Naesnaing

untailed O. nova G4 (KCl)

0. '}.mva bimoleculaf G4

CSB-FL (0.5-40 min)
No CSB-FL (0.5-40 min)

Figure 3.26. CSB binds and resolves any type of intermolecular G4s. (A) Agarose EMSA showing
interaction between CSB-HD and bimolecular G4s formed within 5’-tailed O. nova d(GasTsGas)
sequence in KCI conditions. The first lane is the control annealed in LiCl. The intermolecular G4 band
is represented as a fluorophore-labelled G4 formed by light and dark purple sequences. CSB is
represented as a yellow globular protein. The faster running ssDNA band is indicated with a light
purple ss strand. (B) Binding curves expressing the percentage of 5’- or untailed O. nova d(G4T4Ga4)
bound to increasing concentrations of CSB-HD (0 to 5 nM) in KCl buffer. EMSAs were performed in
duplicates, while the Kgs were calculated using a one site specific binding equation using GraphPad
Prism 9.0.1 software and 95% CI (C) Agarose EMSA of untailed O. nova d(G4TsG4) sequence in the
presence of increasing concentrations of CSB-HD, in KCI conditions. (D) Gel-based helicase assay
using 5’-tailed O. nova d(G4T4G4) sequence in the presence or absence of CSB-FL for increasing times
(0.5 to 40 min). The purple box indicates the formation of dsDNA in the presence of CSB. (E)
Column graph of quantified gel-based resolvase assays using 5’-tailed O. nova d(GsTsGs). All
quantified gel-based resolvase assays were based on the average of three independent experiments.
The significance was calculated based on two-tailed Student’s #-test. Asterisks indicate statistical

significance at 95% CI between the data with *p < 0.05. This figure was adapted from Liano et al."*?.
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3.3 G4-Ligands Displace the Interaction Between
CSB and Intermolecular G4s in vitro

Cellular and in vivo studies performed by Scheibye-Knudsen and colleagues proposed that
treatment with PDS and CX-5461 G4-ligands can accelerate premature ageing both in cells
and C. elegans models !%®. Interestingly, confocal imaging performed by Iyama and co-
workers revealed displacement of CSB from the nucleolus of cells after treatment with CX-
5461 and microirradiation®**, suggesting that transcriptional inhibition caused by CX-5461
could cause transcriptional pausing and displacement of the protein from the nucleoli.
However, as discussed in Section 1.6.2, CX-5461 has been originally designed and further
validated as an effective G4-ligand **, suggesting that this molecule could also compete

with CSB for the binding to intermolecular IDNA G4s in the nucleoli of cells.

To investigate whether G4-ligands could displace CSB bound to intermolecular rDNA G4s,
competitive EMSAs were performed using native agarose gels. In this experiment, CSB-HD
was pre-bound to the intermolecular rDNA-1 G4. The intermolecular G4-CSB-HD complex
was then incubated with increasing concentrations (from 0 to 5,000 nM) of CX-5461.
Subsequently, the incubated samples were analysed by agarose gel. Formation of a band
running like the free intermolecular G4 was expected if the G4-ligand was displacing CSB

from its intermolecular oligonucleotide substrate (Figure 3.27A).

Interestingly, replenishment of the band corresponding to the free intermolecular -DNA G4
was observed upon increasing concentration of CX-5461 (Figure 3.27B) (°7. The
displacement of CSB from its intermolecular G4 substrate indicated that this G4-ligand can
compete with CSB for binding to intermolecular rDNA G4s. Since previous evidence
revealed that treatment with G4-ligands can accelerate premature ageing (1°®), the ability of
CX-5461 to displace the interaction between CSB and rDNA G4s suggested that the binding
of CSB to intermolecular rDNA G4s may thus be important to avoid premature ageing.
Moreover, we postulate that the absence of nucleolar CSB upon treatment with CX-5461
observed by Iyama and colleagues !’® could actually be caused by the displacement of the
protein from its intermolecular G4 substrate rather than a transcriptional inhibition effect.
Supporting this, the same competitive EMSA was performed using PDS, which is a very well-
known G4-ligand and not a transcriptional inhibitor. PDS was also able to displace CSB-HD
from the interaction with the intermolecular IDNA-1 G4 tested (Figure 3.27C) (7, indicating
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that both the premature ageing phenotype and nucleolus displacement of CSB upon treatment

with G4-ligands could be due to the loss of intermolecular rDNA G4 interaction.
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Figure 3.27. G4-ligands can displace the strong interaction between CSB-HD and intermolecular
rDNA G4s. (A) Schematic representation of the competitive EMSA. The 5’-tailed rDNA-1 G4 was
incubated with a fixed concentration of CSB-HD (2 nM). This complex was then incubated with
increasing concentration of the G4-ligand. Then, the samples were separated on the agarose gel. The
first lane is a control of free 5’-tail rDNA-1 showing the formation of both intramolecular and
intermolecular G4. CSB-HD protein is indicated as a globular yellow protein, while the CSB
displacement at increasing concentrations of the small molecule (green sphere) is represented on the
right-side of the gel. Intermolecular G4 bound to the small molecule runs at the same high as the free
intermolecular G4. (B) Competitive EMSA using CX-5461. (C) Competitive EMSA using PDS. The
last lane (5000 nM PDS) is showing PDS precipitation on the well of the gel. The gels in this figure

have been taken from Liano et al.!?”.
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3.4 G4-Ligands Displace the Interaction Between
CSB and Intermolecular G4s in cells

Given that G4-ligands can displace CSB bound to intermolecular rtDNA G4s in vitro, this
phenomenon was also investigated in cells by fluorescence microscopy, using an EGFP

labelled CSB construct 7,

3.4.1 CSB-HD (285-1,009) Insertion Into an EGFP-

Reporter Vector

To follow the localisation of CSB in human cells, prior or after treatment with G4-ligands, we
needed to generate a construct to express full-length CSB fused to an EGFP-reporter to
fluorescently label the protein and track it during microscopy experiments. Generation of such
a construct embedding the entire CSB-FL sequence (4,476 bp) by RF cloning was
problematic, therefore the smaller helicase- “like” domain (2,175 bp) was cloned into the
EGFP-reporter vector. As previously described, CSB-HD necessitates both a nuclear and
nucleolar localisation sequence 1 (NLS1 and NoLSI, respectively) to display nucleolar
localisation'”®. Therefore, both the CSB-FL (aa: 1-1,493, Figure 1.16A) and the CSB-HD
including the NLS1 and NoLS1 (aa: 285-1,009, Figure 1.16A), were extracted from the
original pFASTBac HA-CSB-Hiss plasmid using PCR, and subsequently fused to the C-
terminal of the EGFP reporter gene by RF-cloning (Figure 3.28A and B). Size comparison
between the linearised original recipient pEGFP-C1 plasmid (4,731 bp) and linearised
constructs obtained after RF-cloning revealed that only the CSB-HD (285-1,009) was
successfully inserted into the reporter vector as the size of the original plasmid increased from
4,731 bp to 6,906 bp (Figure 3.28C). The linearisation of the plasmids obtained after RF-
cloning was performed by digestion of the products using Ndel restriction enzyme, as

described in Section 5.18.
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Figure 3.28. CSB-HD insertion into pEGFP-C1. (A) Vector map showing the pEGFP-CSB-FL
construct with CSB-FL insertion (in ochre) at the C-terminal of the EGFP coding sequence (green).
Vector map created with SnapGene. (B) Vector map showing the pEGFP-CSB-HD construct with
CSB-HD (285-1,009) insertion (magenta) at the C-terminal of the EGFP coding sequence (green).
Vector map created with SnapGene. (C) Agarose gel of the linearised vectors after RF-cloning of
CSB-FL or CSB-HD (285-1,009) into the pEGFP-C1 vector. L indicates the ladder. C is the linearised
pEGFP-CI1. All the other different lanes indicate different clones. The CSB-FL insertion did not show
any increase in the size of the original pEGFP-Clvector, indicating inefficient insertion. Conversely,
the CSB-HD (285-1009) insertion showed higher MW compared to that of the original pEGFP-

Clvector (magenta arrow), indicating efficient insertion.

3.4.2 CSB-HD (285-1,009) Localisation After Treatment
with G4-Ligands

Once the fidelity of the newly generated pEGFP-C1-CSB-HD construct was confirmed by
Sanger sequencing, this plasmid was applied to HeLa cells by transient transfection using
FuGENE® HD transfection reagent (Promega) and a standard protocol. On a standard

transfection protocol, cells are plated on day one and transfected after 24 h by addition of the
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desired plasmid mixed with the transfection reagent directly to the cells. The transfection
reagent allows the delivery of DNA to the cells with high efficiency and low toxicity by
formation of a complex with the DNA that can be internalised within the cell. After 48 h of
transfection, CSB-HD localisation was mainly observed in the nucleoli of HeLa cells, as
expected and previously described!”® (Figure 3.29A and B). The nucleolar localisation of
CSB-HD could potentially indicate the formation of intermolecular G4s within rDNA

sequences in living cells that are bound tightly by the protein.

To further explore this hypothesis, HelLa cells transfected with the pEGFP-C1-CSB-HD
plasmid were then treated with G4-ligands to investigate whether the application of these
molecules could affect CSB localisation. Specifically, cells were treated for 24 h with either 1
pM CX-5461 or 10 uM PDS. Gratifyingly, EGFP-CSB-HD nucleolar localisation was
significantly reduced after treatment with either the G4-ligands compared to that of the
untreated controls (Figure 3.29A and C) (7. After performing this experiment in two
biological and two technical replicates, we calculated the percentage of cells showing
nucleolar localisation of CSB under the different conditions tested. Statistical significance
was determined using a paired two-tailed Student’s #-test, yielding p-values of p<0.0005 for
all conditions. Conversely, negligible reduction of nucleolar CSB was observed after 4 h
treatment with either CX-5461 or PDS G4-ligands (Figure 3.29B and D), suggesting that the

displacement of CSB required longer incubation times with these small-molecules 7).

The displacement of CSB from the nucleoli upon treatment with G4-ligands strongly
supported that the nucleolar localisation of the protein could be, at least partially,
promoted/regulated by the selective binding of CSB to intermolecular G4s formed in rDNA

sequences, and this binding could be abrogated by G4-ligands as observed in vitro.
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Figure 3.29. G4-ligands displace CSB from its nucleolar localisation in HeLa cells. (A) Localisation
pattern of EGFP-CSB-HD (285-1,009) in HeLa cells without treatment with G4-ligands (Untreated)
or after 24 h treatment with either CX-5461 or PDS. (B) Localisation pattern of EGFP-CSB-HD (285—
1,009) in HeLa cells without treatment with G4-ligands (Untreated) or after 4 h treatment with either
CX-5461 or PDS. Hoechst is the nuclear marker recorded at 400 nm, EGFP indicates the EGFP signal
recorded at 470 nm. Red bars indicate 20 um. (C) Quantification of the nucleolar localisation EGFP-
CSB-HD (285-1,009) without treatment with G4-ligands (U) or after 24 h treatment with either CX-
5461 (CX) or PDS. The percentage of nucleolar localisation was calculated from eight cellular images
for each condition, performed in two biological and two technical replicates. Significance was
calculated using a paired two-way Student’s ¢-test. ***p=0.0003; ****p<0.0001. (D) Quantification of
the nucleolar localisation of EGFP-CSB-HD (285-1,009) without treatment with G4-ligands (U) or

after 4 h treatment with either CX-5461 (CX) or PDS. This figure has been adapted from Liano et al.
(197)

Finally, a control transfection with the empty pEGFP-1C vector was performed to validate
that treatment with G4-ligands did not affect the level of expression of the EGFP gene. After
24 h transfection with the empty pEGFP-1C vector, HeLa cells were treated with 1 uM CX-
5461 for either 24- or 4- h. Negligible reduction of the general EGFP cellular signal was
expected if treatments with CX-5461 did not affect the expression of the reporter gene.
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Unsurprisingly, similar levels of EGFP expression were observed after either 24- or 4- h
incubation with the G4-ligand (Figure 3.30A-D). This result further confirmed that the
nucleolar displacement of EGFP-CSB-HD is due to the G4-binding activity of the G4-ligands
that compete with CSB for the interaction with intermolecular rDNA G4s rather than their

transcriptional inhibition properties 1°7.

A ) C 24 hours treatment
E 80
= : 20
=] [ZRP
55 § o, 60
o = T
3 Q0
[csams] 5 = 404
Hoechst 470nm Merge g ks
] = 20+
[«7]
z g :
*
3 & 2 F o
P U  cx
Q
- e
470nm Merge
B D
4 hours treatment
= = 80
3 = ir
— "
= Y & 60
i g = 40
<
Hoechst Merge g = 20
: & =
2 : g
— =1 o~
3 - U cx
L
>
@)
——]
Hoechst 470nm Merge

Figure 3.30. CSB displacement is not caused by transcriptional inhibition of EGFP-CSB-HD (285—
1,009). (A) Localisation pattern of the control EGFP-1C in HeLa cells without treatment with G4-
ligands (Untreated) or after 24 h treatment with CX-546. (B) Localisation pattern of the control EGFP-
1C in HeLa cells without treatment with G4-ligands (Untreated) or after 4 h treatment with CX-5461.
(C) Quantification of the percentage of cells presenting cellular EGFP-1C signal without treatment
with CX-5461 (U) or after 24 h treatment with CX-5461 (CX). (D) Quantification of the cellular
EGFP-1C signal without treatment with G4-ligands (U) or after 4 h treatment with CX-5461 (CX).
The percentage of cells presenting EGFP-1C signal in the presence or absence of the ligand was
calculated from eight different cellular images for each condition performed in two biological and two

technical replicates. This figure has been taken and adapted from Liano et al."*?.
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3.5 Nucleolar Localisation of CSB Prevents Nucleolar

BG4 Staining

The observation that G4-ligands could displace CSB from the nucleoli of HelLa cells
prompted to validate more directly the interaction between CSB and the intermolecular rDNA
G4s in the nucleoli of human cells. To achieve this, it was necessary to visualise G4s’
distribution either in CSB positive human cells (HeLa) or in CSB deficient cells derived from

a Cockayne Syndrome patient (CS1AN) 39 by means of the selective G4 antibody BG4 ¢,

3.5.1 Production and Validation of the Synthetic BG4
Antibody

Production of the G4 specific BG4 antibody was necessary to perform immunofluorescence
experiments. Therefore, the plasmid containing the BG4 coding sequence (Figure 3.31A) was
transformed into E. coli cells for the expression of the protein from bacteria (the pPSANGI10-
3F-BG4 plasmid was kindly donated by S. Balasubramanian’s group, University of
Cambridge). The cells expressing BG4 were then lysed and spun down by centrifugation to
separate the cellular debris. The supernatant was purified through multiple chromatography
steps (see Section 5.23). As the BG4 construct contains a Hise-tag, a first his-tag affinity
purification was performed using 10 ml of Cobalt resin. Samples from all the lysis and
purification steps were collected and separated by 12% SDS-gel, which showed clear
formation of a ~30 kDa band corresponding to the MW of BG4 (Figure 3.31B). The elution
obtained after the first purification step was further subjected to chromatography using a 5 ml
heparin column. The elution profile obtained after the heparin purification revealed two main
peaks eluting approximately 500-600 mM KCI (Figure 3.31C). The separation of these peaks
by SDS-PAGE revealed the presence of BG4 within the two peaks (Figure 3.31D). Fractions
from C2 to D6 were combined and concentrated prior to further SEC purification using a
Superdex 75 column. The elution profile of SEC revealed the presence of a main peak eluting
at 10.78 ml, and the SDS-gel confirmed the presence of BG4 antibody in this peak (Figure
3.32A and B). Fractions from B5 to B8 were combined and concentrated to 30 mg/ml and

stored at -20 °C.
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Figure 3.31. BG4 expression and purification. (A) Vector map of the pSANG10-2F-BG4 containing
the BG4 coding sequence (blue), a pelB sequence (dark purple at the N- terminal of BG4) that is
necessary for its cytoplasmatic localisation and a 3X FLAG-Hise-tag at its C-terminal (light purple).
Vector map created with SnapGene. (B) 12% SDS-PAGE of the samples obtained from cell lysis and
BG4 his- affinity purification using Cobalt resin. M is the marker, TF: total fraction, SF: soluble
fraction, FT: flow through, W1-W2: washes and EL: elution. To load the gel 5 pul of TF, SF, and FT
and 10ul of W1, W2, and EL samples were used. The BG4 band around 30 kDa is indicated with a
blue box. (C) Elution profile obtained from heparin purification of BG4 (D) 12% SDS-PAGE of

selected fractions obtained from the heparin purification. The fractions C2-D6 containing BG4 are

indicated with a blue box.

To confirm the ability of the purified BG4 antibody to specifically interact with G4 structures,
ELISAs experiments were performed using the same oligonucleotide sequences used in the
BG4 seminal paper . Briefly, either a biotinylated c-MYC G4-forming sequence or a
biotinylated ssDNA sequence unable to form G4 was immobilised onto a streptavidin-coated
surface (see Table 5.9 for the oligonucleotide sequences). The surface was subsequently
incubated with serial dilutions of BG4, which was expected to bind only to the c-MYC G4.
After removal of the unbound BG4, the surface was incubated with a secondary anti-FLAG
antibody conjugated with a TMB substrate, which produces a water-soluble blue reaction
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product. Stopping the reaction with the addition of sulfuric acid changed the colour to yellow
with an absorbance peak at 450 nm. Its intensity was measured using a plate reader (a more
detailed overview about the ELISA technique is reported in Section 2.2) and was indicative of
binding between BG4 and either c-MYC or ssDNA. As previously described, ELISAs
indicated very high affinity of BG4 for ¢c-MYC G4 with a calculated Kd of 0.5 nM and
negligible affinity for ssDNA (Figure 3.32C), which aligns well with the affinity values
reported by G. Biffi and co-workers 2. The ELISA quantification shown in Figure 3.32C
was generated by Jenna Robinson (a second-year PhD student in M. Di Antonio’s group) who

supported the optimisation of the ELISA’s protocol for BG4 validation.
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Figure 3.32. Production and validation of BG4 antibody. (A) Elution profile obtained after BG4
purification using S75 column. (B) SDS-gel of the eluted fractions presenting the peak. Fractions B5-
B8 containing BG4 (blue box) were collected. (C) Quantification of ELISA performed with either
biotinylated c-MYC G4 or biotinylated ssDNA sequence in the presence of increasing concentrations
of BG4. Quantification performed using a one site specific binding equation using GraphPad Prism

9.0.1 software.
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3.5.2 CSB Localisation in the Nucleolus Prevents BG4
Staining

To wvalidate the direct binding of CSB to the G4-formed in nucleoli of cells, BG4
immunostaining 7" was performed in both non-transfected CS1AN cells that are CSB-
deficient and in CSIAN cells that were previously transfected with functional EGFP-CSB-
HD for 48 h. If CSB interacts with the intermolecular G4s present in the nucleoli, a reduction
of the BG4 nucleolar staining was expected between cells that re-express CSB after
transfection and wild-type CS1AN cells. Indeed, a clear reduction of BG4 staining in CSTAN
cells that re-express functional CSB would be indicative of direct competition between CSB

and BG4 for binding to rDNA G4s.

CS1AN cells transfected with EGFP-CSB-HD construct re-express CSB and fluorescence
microscopy revealed the accumulation of CSB in the nucleoli (Figure 3.33A), similarly to
what has been observed for HeLa cells transfected with the same construct (Figure 3.29A and
B) ). Subsequently, the transfected CSIAN cells were fixed and incubated with BG4
antibody, which was expected to selectively bind the G4 structures present within the cells.
The nucleolar accumulation of CSB was associated with a clear lack of BG4 staining in the
nucleoli of the transfected CS1AN cells (Figure 3.33A). To understand whether the lack of
nucleolar BG4 was caused by the presence of CSB in these organelles, the same
immunofluorescence analysis was performed both in non-transfected CS1AN cells that do not
express functional CSB, and in HeLa cells that express endogenous CSB, as control.
Gratifyingly, non-transfected CSIAN cells displayed clear nucleolar BG4 staining. A
statistically significant increase in the fraction of cells that lack BG4 staining was observed in
the nucleoli of CS1AN cells transfected with EGFP-CSB-HD plasmid (~50% nucleoli that
lack BG4 staining) compared to those non-transfected (~14% nucleoli that lack BG4 staining)
(Figure 3.33 B and C) ®?. The ability of the CSB protein to compete with BG4 for the
binding to nucleolar G4s was further suggested by a similar lack of nucleolar BG4 staining
observed between HeLa cells that express endogenous CSB and the CS1AN cells that re-
express CSB (Figure 3.33B and C) 7. Indeed, a statistically significant increase in the
fraction of cells that lack BG4 staining was calculated between the nucleoli of HeLa cells
(~30% nucleoli that lack BG4) compared to non-transfected CS1AN (~14% nucleoli that lack
BG4) 1°7). These experiments were performed in two biological and two technical replicates

for each condition and eight images were taken from each replicate. The percentage of
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nucleoli that lack BG4 staining was determined from the ratio between the number of nucleoli
without BG4 staining and the total number of nucleoli counted within a cell. Quantification of
the difference between the percentage of cells lacking nucleolar BG4 was calculated using a

two-tailed Student’s #-test.

Altogether, this suggested that when CSB is either re-expressed in CS1AN CSB-deficient
cells or is already active in HeLa cells, the protein binds the G4s formed within nucleoli with
high affinity and prevents the BG4 staining of these organelles. Nucleoli are dense organelles
with very high concentration of tDNA 37 Consequently, the G-rich rDNA must be highly
compacted within the nucleoli, making the long-range interaction rDNA sequences possible.
The picomolar affinity of CSB for intermolecular tDNA G4s observed in vitro, strongly
supports the potential for CSB to bind intermolecular G4s formed from long-range
interactions within the rDNA sequences in the nucleoli of living cells, with endogenous CSB

potentially involved in regulating the homeostasis of these structures.
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Figure 3.33. Presence of active CSB reduces BG4 staining within the nucleoli of human cells. (A)
Localisation pattern of EGFP-CSB-HD (285-1,009) after 48 h transiently transfection in CS1AN cells.
Nucleolar localisation of CSB is confirmed by the green EGFP staining of the nucleoli (EGFP signal
recorded at 470 nm). BG4 localisation in CS1AN re-expressing CSB is visualised by immunostaining
and revealed the presence of black nucleoli only in cells positively transfected with CSB-HD-EGFP,
suggesting inefficient BG4 staining in nucleoli occupied by CSB (white arrows). (B) Quantification of
the absence of nucleolar BG4 staining expressed by the different percentage of BG4 negative nucleoli
between CS1AN transfected with EGFP-CSB-HD (285-1,009) plasmid or HeLa cells and non-
transfected CS1AN cells. Significant difference calculated using two-way Student’s #-test. **p=0.003;
***p=0.0002. (C) Immunostaining using BG4 reveals abundant BG4 staining in the nucleoli of non-
transfected CS1AN cells (CSB negative, first raw), while lack of nucleolar BG4 staining is observed
in HeLa cells (CSB positive, second raw), as previously reported®”. BF indicates the brightfield, while
Hoechst is the nuclear marker recorded at 400 nm. BG4 signal is recorded at 590 nm. Merge is the
overlap between 470 nm and 590 nm signals. Red and white bars indicate 10 yum and 5 pm,

respectively. This figure has been taken and adapted from Liano et al.!®?.
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Chapter 4

4 Conclusions and Future Work

G4s are non-canonical nucleic acid secondary structures that arise from single stranded G-rich
motifs 1%, G4-folding sequences can be computationally predicted or mapped within different
genomes using G4-Seq and ChIP-Seq . Visualisation of G4 structures in fixed cells was
achieved using the synthetic G4-specific antibody BG4 2. Probes for both fluorescence
lifetime imaging microscopy and live-cell single-molecule fluorescence imaging of G4s
allowed to directly visualise these structures in real time, further proving the formation of G4s
within living cells 39, G4s are widely distributed across genomes, with enrichment of these
structures at telomeres, promoters, TSS, and nucleosome depleting regions V. Experimental
evidence demonstrated the ability of these structures to regulate essential cellular pathways
such as replication, transcription, translation, and genome maintenance. Because their wide
roles in cells, G4s require precise regulation, which is mainly maintained by chaperones and
G4-helicases 7. Lack of activity of G4-helicases or treatment with G4-stabilising ligands can
alter the regulation of G4-formation, which could lead to cancer and accelerated ageing.
Although the potential roles of G4s in cancer progression have been investigated, the impact

of G4s on ageing biology has been understudied and thus requires further research.

Recently, RNA-Seq experiments in cells that lack functional CSB revealed increased
transcriptional pausing at rDNA G4-forming sequences, which has been linked to a series of
biological responses typical of ageing *®). It was also found that CSB can resolve rDNA G4s,
suggesting a close correlation between functional mutations of CSB, rDNA G4s, and
premature ageing ®®. On the other hand, CSB belongs to a family of chromatin remodelling
proteins, and it has not been classified as a canonical helicase. This aspect is particularly
relevant by close inspection of CSB G4-resolvase activity that is very limited and never leads
to full G4-unwinding, thus indicating a more complex mechanism behind CSB functional
mutations and G4-homeostasis behind the premature ageing observed in Cockayne Syndrome

patients.

In this PhD Thesis, CSB and its interaction with a panel of different G4-folding sequences
were fully investigated biochemically. Firstly, both the full-length CSB protein and its

helicase- “like” domain were expressed and purified. Once the proteins were produced, their
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activity as G4-resolvase was confirmed by gel-based assays. Interestingly, both the CSB-FL
and CSB-HD displayed an incomplete G4-resolvase activity, which was limited to either 5’-
tailed or 3’-tailed rDNA G4s and not observed for canonical DNA G4s such as ¢-MYC, c-
KIT1, hTELO, and HRAS 7. The limited ability of CSB to resolve G4s was incongruous
with the strong G4-mediated transcriptional stalling observed in CSB impaired cells ('%® and
with the premature ageing phenotype typical of Cockayne Syndrome patients %9, Therefore,
further characterisations of the ability of CSB to bind to G4 structures were performed by
EMSA:s.

The agarose gel used for this investigation revealed that rDNA G4-forming sequences were
able to fold into multiple conformations when annealed in KCl buffer. These were identified
as slow- and fast-running bands on the agarose gels. Further characterisation revealed that
rDNA sequences could form mainly intramolecular G4s (fast-running bands) and a small sub-
population of intermolecular (bi- or tetrameric) G4 structures (slow-running bands) when
annealed using the Gd4-stabilising K* (7). Interestingly, intermolecular tDNA Gd4s were
formed only when the G4-folding sequence was decorated with a ssDNA tail of at least 3-5 bp
either at the 5’- or 3’-end. CSB-HD showed an astonishing picomolar affinity for
intermolecular rtDNA G4s, whilst negligible binding was observed against the intramolecular
G4s formed by the same rDNA sequence or against a panel of different intramolecular G4s.
Furthermore, CSB-HD was also able to bind and resolve the non-rDNA bimolecular G4s
originated from the telomeric O. nova sequence. Moreover, CSB failed to interact with
ssDNA, corroborating a selective and high binding affinity of the protein to intermolecular

G4s.

Altogether, our results suggest that the partial rDNA G4 resolution observed by gel-based
resolvase assays is associated to the selective resolution of the intermolecular G4s bound by
CSB 7. Higher concentrations of CSB (>50 nM) were required to observe binding against
both intramolecular G4s and ssDNA, suggesting that the interaction between CSB and
intramolecular G4 was not specific over ssDNA (°?. The strong picomolar affinity of CSB
for intermolecular G4s, hinted, for the first time, at the possibility that rDNA sequences could
adopt multimeric G4-conformations in cells as well as they do in vitro, and that CSB could be
the dedicated protein involved in regulating the formation of these structures. Supporting this,
previous reports identified nucleolar localisation of CSB (7®). Therefore, we speculated that
CSB might be directed to the nucleoli driven by strong affinity against intermolecular G4s.

Nucleoli are very dense and tDNA enriched organelles within the nucleus of cells **7, further
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indicating a good probability for distal rDNA sequences to interact with each other in the

space to form intermolecular G4s.

Previous experiments on C. elegans models revealed that treatment with G4-stabilising
ligands such as PDS @*® and CX-5461 @39 accelerates ageing of the worms. Both in vitro and
cellular studies were performed to understand whether premature ageing could be triggered by
ligand-displacement of CSB from its intermolecular rDNA G4s. Interestingly, this research
combination demonstrated that both CX-5461 and PDS can compete with CSB for binding to
intermolecular G4s. Treatment of HeLa cells with these small molecules showed significant
displacement of CSB from the nucleoli, supporting a model where the interaction between
CSB and intermolecular rDNA G4s might be relevant in cells and of importance to the

premature ageing phenotypes observed in CSB impaired cells 7.

Finally, the interaction between CSB and rDNA G4s within nucleoli was further validated by
immunofluorescence with BG4 antibody in Cockayne Syndrome cells (CS1AN). Re-
expression of CSB in CS1AN cells triggered nucleolar localisation of CSB and was
associated with the suppression of BG4-staining in the nucleoli. These results provided the
first evidence for the potential biological function of intermolecular G4s, which could be of

relevance for the maintenance of cellular homeostasis and to prevent premature ageing

(Figure 4.1) 17,

Future work in this space will be aimed at understanding the molecular mechanism behind the
selectivity of CSB for intermolecular G4s from a structural perspective. Therefore, obtaining
a high-resolution structure of CSB bound to intermolecular IDNA G4s from either a crystal
(X-ray) or using cryo-EM, would be pivotal to understanding how CSB interacts and resolves
G4-structures. This can be further leveraged to design small-molecule ligands that can mimic
such interactions and restore intermolecular G4s homeostasis lost upon functional mutation of
CSB. Further optimisation of G4-destabilisers, such as a recently reported
phenylpyrrolocytosine (PhpC)-based G-clamp analog, opens the possibility to design G4-
disrupting small molecules that could be specifically driven at the G4 sites that are
misregulated due to the absence of CSB 3%, Moreover, a deeper investigation of the dual role
between Nucleolin and CSB will be useful to unravel the mechanisms that regulate G4
structures within nucleoli. For instance, a deficiency of CSB strongly suppresses the binding
of Nucleolin to the H8 coding region of rDNA, suggesting that CSB, together with Nucleolin

participates in the process of transcription elongation. Nucleolin is known as a G4-stabiliser,
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proposing an opposite and highly regulated control of the CSB-Nucleolin activity in
modulating tDNA G4 formation ®Y. ChIP-seq analysis of CSB will also reveal the
interactors of the protein in the nucleoli and shed light on its activity in maintaining the
intermolecular rDNA G4 homeostasis. Finally, the long-range rDNA G4 interactions could be
further detected by a high-throughput HiC-sequencing technology that allows the exploration
of the biophysical proprieties of the chromatin ?*?. Hence, HiC-sequencing could provide a
picture of the spatially interacting rDNA sequences both in normal conditions and in
prematurely aged cells, revealing the effects caused by the lack of CSB in the rDNA

landscape of Cockayne Syndrome patients.
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When CSB is not functional or after the displacement by G4-ligands, rDNA intermolecular G4s

accumulate triggering premature ageing. This scheme has been redrawn from Liano et al. 7.
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Chapter 5

5 Material and Methods
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5.1 CSB-FL Baculovirus Expression

The pFASTBac-HA-hiss vector system was used to overexpress the CSB-FL (UniProtKB:
Q03468) protein in a baculovirus system. This construct was kindly donated by the Scheibye-
Knudsen group (University of Copenhagen) and was expressed in Spodoptera frugiperda
(Sf9) insect cells ?*V following previously reported protocols ?#>24)) The steps required for

CSB-FL expression are described below.

5.1.1 Transposition

To generate recombinant CSB-FL protein, the pFASTBac-HA-CSB-Hiss vector was

transposed into a baculovirus shuttle vector, called bacmid !

Briefly, 50 pl of DH10Bac™ cells were transformed via a heat shock using a 5 pl aliquot of
pFASTBac-HA-CSB-Hise plasmid (between 350-600 ng/ul). Specifically, after the addition of
the plasmid, cells were incubated on ice for 30 min following heat shock for 45 seconds (sec)
at 42 °C, without shaking. Then, the cells were incubated on ice for 2 min prior to the addition
of 900 pl of recovery SOC medium. Transformed cells were grown for 5 h at 37 °C before
plating a 30 pl aliquot on a GTK IPTG XGAL LB-agar plate and incubated at 37 °C for 3
days. Positive white cells were picked and grown overnight (O/N) at 37 °C in LB-GKT
medium (7 pg/ml gentamycin, 10 pg/ml tetracycline, and 50 pg/ml kanamycin). Finally, the
bacmids were purified using a Midi-prep kit (QIAGEN®) following the supplier’s protocol.
The concentration of each bacmid was detected by Nanodrop (Thermo Scientific) set to read

DNA at 260 nm. Precisely, CSB (1): 4072 ng/ul and CSB (2): 106.65 ng/ul.

Recipe for GTK IPTG XGAL LB-agar plate:

e (Gentamycin (10 mg/ml) 266 ul to 380 ml (7 pg/ml)
e Tetracyclin (100 mg/ml) 30.4 pl to 380 ml (10 ug/ml)
e Kanamycin (25 mg/ml) 760 pl to 380 ml (50 pg/ml)
e IPTG (0.5M) 400 pl to 380 ml (0.5 mM)
e XGAL (40 mg/ml) 400 pl to 380 ml (42 pg/ml)
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5.1.2 519 Cell Culture

Suspension growths of (S79) insect cells were grown at a cell density of 1.5x10%-2.5x10°

S™ Pprotein-free Insect Cell Medium with L-

cells/ml in a complete medium (Insect-XPRES
Glutamine (Lonza) supplemented with 5 ml penicillin-streptomycin solution (5,000 U/ml,
Gibco)) at 27 °C, 130 rpm, humidified incubator, no COz. Cells were divided after three days

and passaged every four days to a cell density of 0.5x10 cells/ml.

5.1.3 Transfection (TransIT-Insect Transfection Reagent-

Mirus)

To achieve optimal transfection, 95%-98% cell viability is required.

Cells were diluted in complete medium to a cell density of 8x10° cells/ml. A volume of 176 pl
of cells was added to each well of a 6-well plate containing 2.5 ml of medium/well. After a
gentle agitation of the plate, cells were incubated for 26 min at 27 °C, without shaking to
allow them to settle. Meanwhile, the transfection reaction was prepared by adding either 0.6
ul CSB (1) or 23.4 ul CSB (2) bacmid and 5 pl of TransIT-Insect Transfection reagent into
250 pl of media. The mixtures were incubated at room temperature (RT) for 25 min following
drop-wise addition to the cells in the 6-well plate. The plate was incubated in a humidified

box at 27 °C, without shaking for 72 h.

5.1.4 Isolation of Primary Virus (P1)

The primary virus (P1) is expected to be released after 72 h incubation from the initial
transfection. Therefore, cells were observed under the microscope to identify signs of viral
infection (e.g. increased nucleus and cellular diameter, vesicular appearance within the cells,
detachment of the cells from the surface, and lower number of cells compared to the control).
Once signs of infection were observed, P1-1 and P1-2 viruses (2.5 ml) were collected in four

microcentrifuge tubes and supplemented with cold 5% fetal bovine serum (FBS).
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5.1.5 Dot Blot

Prior to the expansion of the P1 viruses, it was necessary to confirm their virulence by dot

blot by means of their concentration within the sample.

A 2 pl of an undiluted known high titer (positive control) baculovirus and 2 pl of undiluted
test samples were drop-wise added to a nitrocellulose membrane and left 10 min to
completely dry. The membrane was then treated with blocking solution (5% milk in PBST
(phosphate-buffered saline (PBS) + 1% Tween-20)) for 15 min at RT under gentle shaking.
The membrane was incubated with a mouse anti-gp64 antibody that recognises a gp64
baculoviral protein (eBioscience #14-6995) diluted 1:1,000 in blocking solution for 1 h at RT,
with gentle shaking. Then, the membrane was washed twice with PBST (5 min each wash)
with gentle shaking at RT. The membrane was then incubated with anti-mouse:HRP
(Pierce™, Thermo Scientific #1858413) secondary antibody diluted 1:5,000 in blocking
solution for 1 h, at RT, under gentle shaking. The membrane was washed again three times in
PBST (5 min each wash) with gentle shaking at RT. Finally, the membrane was developed
with horseradish peroxidase (HRP) substrate for enhanced chemiluminescence (ECL)
(Pierce™, Thermo Scientific) and visualised using Image Quant LAS 4000 (Cytiva). The
concentration and required volume of virus for amplification/infection of 50 ml of cells were
roughly determined by comparing the concentration of the tested sample to the positive

control. Typically, a volume of 100-300 pl of P1 is used for highly concentrated viruses.

5.1.6 Virus Amplification

SfY cells (50 ml) were seeded to a cell density of 7.5x10° and incubated at 27 °C for 24 h and
130 rpm. Either 100 pl, 200 ul, 400 pl or 800 ul of P1-2 virus was added in 50 ml of
baculovirus cells and incubated at 27 °C, 130 rpm, for 48—72 h. The cells were then harvested
at 1,000 rpm, RT, for 10 min to collect the supernatant (50 ml) containing the amplified
secondary virus (P2). Finally, 5% of FBS was added to P2 and stored at 4 °C.

As previously described for P1, a dot blot test was performed with P2, to confirm the presence

of the virus in the cellular supernatant and evaluate its concentration.
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5.1.7 Small Scale Protein Expression

SfY cells at a cell density of 0.75x10° were seeded into one flask containing 50 ml of complete
media and incubated at 27 °C and 130 rpm for 24 h. After incubation, 800 ul P2-6 was added
to the growth and incubated at 27 °C, 130 rpm for three days.

5.1.8 Large Scale Protein Expression

SfY cells at a cell density of 0.75x10° were seeded into four flasks containing 500 ml complete
media each (2 1 total volume), and incubated at 27 °C, 130 rpm for 24 h. A volume of 7.5 ml
CSB (2) P2 was added into each of the 500 ml aliquots of the growth and incubated at 27 °C,
130 rpm for three days.
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5.2 CSB-FL Protein Extraction and Purification

5.2.1 Cell Lysis

Three days post infection, either 50 ml or 21 of Sf9 cells were collected and harvested by
centrifugation at 1,000 xg, at 4 °C for 10 min. The supernatant was removed, and the cellular
pellets were washed twice with ice-cold PBS. The pellets were then resuspended into eight
(packed cells) volumes of ice-cold Lysis buffer and protease inhibitors (25 mM Tris-HCI pH
9.0, 1 mM EDTA, 10% glycerol, 1% Triton-X, 300 mM KCI, 1 mM TCEP, 0.1 mM PMSF,
and 0.2 uM chemostatin, leupeptin, antipapain, and pepstatin A) supplemented with 5 mM
MgCl2 and 10 pl 5KU Benzonase nuclease (Merck Millipore). The suspension was gently
stirred for 30 min at 4 °C prior to completing lysis with a gentle sonication on ice for 15 min,
20% amplitude, 2 sec on, 58 sec off (sonicator from Thermo Fisher Scientific). A 5 pl aliquot
of the total lysate (total fraction: TF) was collected for SDS-PAGE gel, diluted in 15 pl milliQ
water and stored at 4 °C. Once the cells were broken, the lysate was clarified by
centrifugation at 4 °C, 12,000 xg, for 30—40 min, to remove all the cellular debris. Then, 10 pl
of the clarified supernatant (soluble fraction: SF) was collected for SDS-PAGE gel and stored
at4 °C.

5.2.2 His-tag Affinity Purification Using Nickel Resin

The clarified supernatant obtained from cellular lysis was incubated with either 1 ml (small-
scale expression) or 10 ml (large-scale expression) of free HisPur Nickel-NTA Resin (Thermo
Fisher Scientific) at 4 °C, for 30 min under gentle shacking. Then, all the unbound material
was let to pass through the resin by using a gravitational column (flow through: FT). A 10 ul
volume of FT was collected for SDS-PAGE gel and stored at 4 °C.

To remove unspecific interactors, the resin was washed five times with two column volumes
(CV) of Wash buffer (25 mM HEPES pH 7.9, 10% glycerol, 0.01% Triton-X, 300 mM KClI,
20 mM imidazole, 1 mM TCEP, 0.1 mM PMSF) supplemented with a low percentage of
imidazole. After the washing steps (W), 10 pul of the sample from each W was collected for
SDS-PAGE gel and stored at 4 °C.

The column was closed to avoid loss of material, and the resin was incubated with 10CV of

Elution buffer containing a high concentration of imidazole (25 mM HEPES pH 7.9, 10%
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glycerol, 0.01% Triton-X, 300 mM KCIl, 250 mM imidazole, ] mM TCEP and 0.1mM PMSF)
at 4 °C for 15 min. The column was then re-opened. The high concentration of imidazole
allowed to remove the CSB-FL from the resin, which was found in the eluted sample (EL)
that passed through the column, of which 10 ul was collected for SDS-PAGE gel and stored at
4 °C.

The presence of CSB-FL protein in all the collected samples was then analysed by 8% SDS-
gel (Table 5.1).

5.2.3 Affinity Purification Using Heparin Column (Only

for Large Scale Expression)

The EL obtained after nickel chromatography was 10-times diluted in Heparin buffer A (25
mM HEPES pH 7.9, 10% glycerol, 0.01% Triton-X, 300 mM KCI, 1 mM TCEP, 0.1 mM
PMSF) to decrease the concentration of imidazole. Heparin buffer A was also used to
equilibrate a HiTrap Heparin High Performance column (Cytiva life sciences) attached to an

AKTA pure protein purification system (Cytiva life sciences).

Using a sample pump, the diluted EL was loaded on the pre-equilibrated 5 ml HiTrap Heparin
column. After the loading, the column was washed with 10CV Heparin Buffer A. Finally, the
protein was eluted using a linear gradient (0—100%) of Heparin buffer B (25 mM HEPES pH
7.9, 10% glycerol, 0.01% Triton-X, 800 mM KCI, 1 mM TCEP, and 0.1 mM PMSF). The El
was collected using a fractionator system and 10 pl of each fraction was collected and

analysed by 8% SDS page.

The purest fractions containing CSB bands were combined and concentrated to <500 pl
volume using a 15 ml 100K Amicon device (Merk Millipore) at 5,000 xg (fixed rotor)/4,000

xg (swinging rotor), for several 10 min rounds at 4 °C.

143



5.2.4 Size Exclusion Purification Using Superdex200 /
Superose 6 Column (Only for Large Scale

Expression)

The concentrated CSB sample was injected either on a pre-equilibrated Superdex 200
Increase 10/300 GL column (Cytiva life sciences) or on a pre-equilibrated Superose 6
Increase 10/300 GL column (Cytiva life sciences) using a 500 ul sample loop injector. The
columns were pre-equilibrated in Gel Filtration buffer (25mM HEPES pH 7.9, 10% glycerol,
0.01% Triton-X, 200 mM KCI, 1 mM TCEP, and 0.1 mM PMSF). Finally, CSB-FL was
eluted in Gel Filtration buffer and the purity of the protein was assessed by 8% SDS page.

The purest fractions containing CSB-FL were concentrated using 100 KDa Amicon device to

a final concentration of 1 mg/ml and stored at -80 °C.
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5.3 Sodium Dodecyl Sulphate — Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

Protein samples were analysed by electrophoresis under denaturing, reducing conditions using
discontinuous SDS-polyacrylamide gels. Vertical gels were prepared following the recipe
indicated in Table 5.1, and left to dry for at least 30 min at RT prior to use. Then, a small
volume (mostly10 pl) of each sample was mixed with 2 pl of SDS-dye (6X DNA Loading
Dye & SDS Solution, Thermo Scientific) and heated at 75 °C for 10 min. Then, samples and 3
ul of ready-to-use protein marker (either Precision Plus Protein™ All Blue Prestained Protein
Standards, Bio-Rad or Color Prestained Protein Standard-Broad Range 11-245 kDa, New
England Biolab) were loaded on the gel and run at constant voltage (120 V) for 60—90 min in
1X Novex™ Tris-glycine-SDS buffer (Thermo Scientific).

Finally, gels were stained using QC Colloidal Coomassie Stain (Bio-Rad), at RT, gentle
shaking, for either 1 h or O/N. Then, gels were de-stained by incubation in milliQ water at RT
for 1 h, with gentle shacking and visualised using Image Quant LAS 4000 (Cytiva).
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8% 10% 12% 15% Stacking
buffer
MilliQ water 4.75 ml 4 ml 34ml | 24 ml 3.05 ml
Resolving Buffer (VWR)/ 25ml | 25ml | 25ml | 2.5ml 1.25 ml
Stacking buffer
(National diagnostics)
Protogel 30% (National 2.65ml | 3.4 ml 4 ml 5ml 650 pl
diagnostics)
Ammonium persulfate 100 pl 100 ul | 100 pul | 100 wl 25 ul
(APS 10%)
N,N,N’,N"- 10 pl 10 pl 10 pl 10 pl Sul
tetramethylethylenediamine
(TEMED)
Total: Total: Total: Total: | Total: 5 ml
10 ml 10 ml 10 ml 10 ml

Table 5.1. Recipe for resolving and stacking components of two SDS gels of different percentage of
polyacrylamide. The resolving solution is the first reagent to be prepared. Once the resolving gel is
solidified, the stacking gel solution is prepared and poured on the top of the resolving gel. Finally, the
desired combs are added, and the gel is left to solidify for additional 30 min.
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5.4 Western Blotting (WB)

The presence of the recombinant protein was confirmed by WB. First, proteins were separated

from each other based on their size by SDS-PAGE.

Meanwhile, a nitrocellulose membrane and four filter papers were cut with the following
dimensions: 10 cm x 7.5 cm and soaked in Transfer buffer (14.2 g glycine, 3.03 g trizma base,

200 ml methanol, and 800 ml milliQ water).

Then, a transfer “sandwich” was prepared by subsequentially assembling the layers of a
sandwich-type structure. From the bottom, the layers were composed by placing a support
grid, a black sponge, two filter papers, the nitrocellulose membrane, the SDS-gel, two filter
papers and an additional black sponge on the top. Finally, the “sandwich” was closed with a
second grid. The air bubbles between the layers were gently removed with a roller. The
“sandwich” was placed into a transfer cassette and then into a tank filled with Transfer buffer.

The transferring was performed at 100 V for 1 h, on ice.

After the transfer, the membrane was stained for 5 min with Ponceau S (Sigma-Aldrich) to
confirm that protein transfer was successful. Later, the membrane was washed twice with
milliQ water. The membrane was then treated with Blocking buffer (5% milk in TBS-T) for 1
h at RT with gentle shaking. A rabbit anti-CSB primary antibody (ABCAM: ab96089) was
diluted to 1:500 in Blocking buffer and incubated with the membrane under gentle shaking at
either 4 °C, O/N, or at RT, for 1 h. After incubation with the primary antibody, the membrane
was washed four times with TBS-T for 5 min with gentle shaking and incubated with a goat
anti-rabbit HRP secondary antibody (ABCAM: ab205718) diluted 1:10,000 in Blocking
buffer for 1 h, at RT, with gentle shaking. After this second incubation, the membrane was
washed four times in TBS-T for 5 min each wash, at RT and gentle shaking. Finally, 1 ml of
the ECL substrate for HRP (Pierce™, Thermo Scientific) was added on the top of the
membrane, which was developed using Image Quant LAS 4000 (Cytiva) set to

chemiluminescence for the WB signal, and to CyS5 for visualising the protein marker.
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5.5 Bioinformatic Analysis

To investigate the conserved sequence of CSB-HD domain within different organisms, a

Multiple Protein Sequence Alignment by Clustal Omega “?? online software was performed.

FASTA sequences of the CSB homologues entered as input are reported below (accession

numbers provided in parentheses):

1.
2.
3.

4
5
6.
7
8

Saccharomyces cerevisiae, Rad26 (GenBank: CAA57290.1)
Schizosaccharomyces pombe, Rhp26 (GenBank: CAB62827.1)

Homo sapiens, Excision repair cross-complementing rodent repair deficiency,

complementation group (ERCC6) (GenBank: AAO13487.1)

. Mus musculus, ERCC6 (NCBI Reference Sequence: NP _001074690.1)

Gallus gallus, ERCC6 (NCBI Reference Sequence: XP_040530141.1)
Xenopus laevis, ERCC6 (NCBI Reference Sequence: XP_018081111.1)

. Danio rerio, ERCC6 (NCBI Reference Sequence: XP_017214320.1)

Caenorhabditis elegans, ERCC6 (GenBank: CAB03135.2)

The secondary structure prediction was carried out using the PSIPRED website *?9. The

DNA sequence of CSB (UniProtKB: Q03468 >*Y) was submitted to PSIPRED in a FASTA

format. The results of the prediction software were received both textually via e-mail and

graphically via the web.
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5.6 Restriction-Free Cloning to Insert CSB-HD Into
pET_SUMO-tag Vector

The CSB-HD sequence optimised for bacterial expression was cloned into a pCS46 Hise-

SUMO vector for E. coli expression by restriction-free (RF) cloning ?*.

Two different RF-cloning reactions were performed. The first RF-cloning reaction inserted
the optimised CSB-HD (519-1,002) sequence into the pCS46 Hise-SUMO vector at the C-
terminal of the SUMO sequence (Figure 3.7) using Forward primer 1 and Reverse primer 1
(see Table 5.2). The second RF-cloning reaction inserted an optimised short (63 bp) sequence
at the N-terminal of the CSB-HD (519-1,002) that was previously cloned in pCS46 Hise-
SUMO (Figure 3.9), to generate a more stable CSB-HD (498-1,002) construct. The Forward
primer 2 and the Reverse primer 2 used in the second cloning are reported in Table 5.2. The
optimised CSB-HD sequence was synthetised by Genescript service, while the short (63 bp)
sequence and primers were designed using rf-cloning.org service and purchased from

Eurogentec.

Each RF-cloning reaction required two different PCR steps. The first PCR generated the
“megaprimer”’, while the second one inserted the “megaprimer” into the desired position of

the vector. The PCR mixtures and thermal programs are shown below.

Sequence (5°-3’)

Forward 1 | GTTCCAGCAGCAGACGGGAGGTTGGGAGCTGCATTGCCAA

Reverse | | CAGCGGTGGCAGCAGCCAACTCTTAATACAGGTCATTGCTCTTAAAG
Forward 2 | GTTCCAGCAGCAGACGGGAGGTAAAGTGCCGGGTTTCCTG

Reverse 2 | CTTGTTGGCAATGCAGCTCCCACAGCCAACGAACACCGGT

Table 5.2. Nucleotide sequence of the primers used for the CSB-HD (519-1,002) and CSB-HD (498—
1,002) RF insertion in pCS46_Hisg-SUMO vector.
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CSB-HD (519-1,002)

RF I PCR 1x Program

Initial

5x Phusion HF Buffer 10 denaturation 98 °C 30 sec x1

dNTPs (10mM) 1 pl

FW primer (10uM) 25 u Denaturation 98 °C 8 sec

RV primer (10pM) 25 u x35

DNA template 20 sec

(100uM) 05 w Extension 72 °C (30s/kb)

Phusion polymerase 05 w

diH20 33 ul Final extension 72 °C 5 min x1
Hold 4°C o0

total 50 ul(x2)

Table 5.3. Sample composition and thermal protocol for the first PCR steps (2X reactions) required to
generate the CSB-HD (519-1,002) “megaprimer”.

RF II PCR 1x Program
5x Phusion HF Buffer 4 ul Initial denaturation 98°C 2min
dNTPs (10mM) 04 ul
Plasmid (101.7ng/pl) 04 Denaturation 98°C 8sec
MegaPrimer (13.4ng/ul) 1.2 ul
Phusion polymerase 02 Extension 72°C 12min
diH20 13.8 ul

Final extension 72°C Smin
total 20 ul Hold 4°C 0

Table 5.4. Sample composition and thermal protocol for the second PCR required to insert the CSB-

HD (519-1,002) “megaprimer” (insert) into pCS46 Hiss-SUMO vector (plasmid).
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CSB-HD (498-1,002)

RF I PCR 1x Program

Initial

5x Phusion HF Buffer 10 denaturation 98 °C 30 sec x1

dNTPs (10mM) 1 pl

FW primer (10uM) 25 u Denaturation 98 °C 8 sec

RV primer (10pM) 25 u x35

DNA template 60 sec

(322 ng/ul) 1 pl Extension 72 °C (30s/kb)

Phusion polymerase 05 w

diH20 22' ul Final extension 72 °C 5 min x1
Hold 4°C o

total 50 ul(x2)

Table 5.5. Sample composition and thermal protocol for the first PCR steps (2X reactions) required to

generate the short “megaprimer” sequence.

RF I PCR 1x Program
5x Phusion HF Buffer 4 w Initial denaturation 98°C 2min
dNTPs (10mM) 04
Plasmid (113.5ng/ul) 04 Denaturation 98°C 8sec
MegaPrimer (66ng/pl) 62 ul
Phusion polymerase 02 Extension 72°C 12min
diH20 88

Final extension 72°C Smin
total 20 pl Hold 4°C 0

Table 5.6. Sample composition and thermal protocol for the second PCR required to insert the short
“megaprimer” sequence (insert) into the pCS46_Hise-SUMO-CSB-HD (519-1,002) vector (plasmid).

Two identical reactions of 50 pl volume each were necessary to obtain enough material from
the first PCR. After the first PCR (Table 5.3 or 5.5), 8.3 ul of 6X purple gel loading dye (New
England BioLab) was added into each product. Then, 50 ul of the two products were loaded
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and separated on 3% agarose gel (see Section 5.10). After the run, the bands corresponding to
the expected size of the amplified CSB-HD were cut and purified by gel extraction
(Monarch® DNA Gel Extraction Kit, New England BioLab). The concentration of the
product was calculated using Nanodrop (Thermo Scientific) set at 260 nm. Then, the purified
product (insert) was inserted into the empty pCS46 Hise-SUMO vector by a second PCR
(Table 5.4 or 5.6) using an insert to vector ratio of 1:40.

The product obtained after the second PCR was digested by adding 1 pl of Dpnl enzyme
(New England BioLab) directly into the PCR mix followed by incubation at 37 °C for 2 h.

The enzyme was then inactivated at 80 °C for 20 min.

A 2 pl aliquot of the sample was transformed into 50 pl of HSa competent E. coli cells (New
England Bio-lab) following the supplier’s heat shock protocol. After transformation, 100 pl of
cells were plated on LB-agar (Fisher BioReagents) plates supplemented with 100 pg/ml
ampicillin and incubated at 37 °C, O/N. The resulting colonies were then expanded in LB-
broth (Fisher BioReagents) supplemented with 100 pg/ml ampicillin at 37 °C at 200 rpm,
O/N. Finally, the pCS46 Hise-CSB-HD-SUMO was extracted from the cells by miniprep
(PureYield™, Promega) following the supplier’s protocol. The quality of the product was

determined by Sanger sequencing.
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5.7 CSB-HD Bacterial Expression

In brief, a 1 pl volume of either pCS46 Hise-CSB-HD (519-1,002) -SUMO or pCS46 Hise-
CSB-HD (498-1,002)-SUMO plasmid was transformed into BL21(DE3) competent E. coli
cells (New England Bio-lab) following the supplier’s heat shock protocol. After
transformation, 900 pl of cells were directly added to 120 ml of LB-broth (Fisher
BioReagents) supplemented with ampicillin (100 pg/ml) and incubated at 37 °C, 250 rpm,
O/N (small inoculum). From the small inoculum, 12.5 ml (dilution 1:40) was expanded in 500
ml (8 flasks, 4 1 in total) of 2XYT media supplemented with 100 pg/ml ampicillin at 37 °C,
250 rpm, until reaching an optical density (OD) of 0.6 at 600 nm, after which the protein
expression was induced with 0.05 mM IPTG either at 36 °C for 4 h, or at 18 °C, O/N, 200

rpm.
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5.8 CSB-HD Cell Lysis and Purification
5.8.1 Cell Lysis

Cells were harvested at 4 °C, 4,000 xg for 30 min. The pellet was then resuspended in 300 ml
of Lysis buffer (25 mM Tris-HCI1 pH 9.0, 1 mM EDTA, 10% glycerol, 1% Triton-X, 300 mM
KCIL, 1 mM TCEP, and 0.1 mM PMSF) supplemented with 90 mg of Lysozyme (300 pg/ml;
Thermo Scientific) and 6X protease inhibitor tablets (Sigmafast-EDTA-free, Sigma-Aldrich).
The mixture was stirred at 4 °C for 20 min prior to add 5 nM MgClz and 20 pl Benzonase (5
KU). The mixture was gently stirred at 4 °C for an additional 30 min. The suspension was
gently sonicated on ice for 5 sec, with short pulses of 5 sec each followed by 55 sec pause, at
20% amplitude (sonicator from Thermo Fisher Scientific). Finally, the cell lysate (TF) was
centrifugated at 4 °C, 16,000 xg, for 40 min.

5.8.2 Protein Purification

The clarified supernatant obtained from cellular lysis (soluble fraction: SF) was purified by
his-affinity purification using 5 ml of Nickel resin (HisPur™ Ni-NTA Resin, Thermo
Scientific), and left gently stirring either for an hour or O/N at 4 °C prior to adding the

mixture in an empty column.

Once all the unbound material passed through the column (flow through: FT), the resin was
washed five times with 2CV of Wash buffer (25 mM HEPES pH 7.9, 10% glycerol, 0.01%
Triton-X, 300 mM KCI, 20 mM imidazole, ]| mM TCEP, and 0.1 mM PMSF) supplemented
with a low percentage of imidazole to remove the non-specific interactions. An additional
washing step with 2CV High salt concentration buffer (1 M NaCl) was performed before the

last wash, to remove any presence of DNA.

After the washing steps (W), the resin was incubated with SCV of Elution buffer containing a
high concentration of imidazole (25 mM HEPES pH 7.9, 10% glycerol, 0.01% Triton-X, 300
mM KCI, 250 mM imidazole, 1| mM TCEP, and 0.1 mM PMSF) for 15 min at 4 °C. CSB-HD

was then gravitationally eluted (EI) from the column.

The presence of the protein (CSB-HD (519-1,002) MW: 66.6 kDa / (498-1,002) MW: 70
kDa) in all the collected samples was analysed by 10% SDS-gel (Table 5.1). After performing
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nickel purification, the protein was further purified by heparin affinity column, using the same
protocols and buffers described in Section 5.2.3. Finally, the purest fractions containing CSB-
HD were pooled and concentrated using Amicon device 30-50K (Merck Millipore) and
stored at -80 °C.

5.8.3 SUMO-Tag Removal

Proteins expressed from SUMO-tagged expression vectors were subjected to removal of
SUMO-tag by SUMO Protease. SUMO protease (Sigma-Aldrich) was diluted in 25 mM Tris-
HCI1 pH 8.0, 200 mM NaCl, 10% glycerol, and 1 mM DTT. After the Nickel affinity
purification, samples were diluted 10 times with Lysis buffer to reduce the concentration of
imidazole, and treated O/N with 20 ul of SUMO protease at 4 °C. Following digestion with
SUMO Protease, cleaved proteins carrying the his-tag and SUMO-tag were separated by his-
tag affinity chromatography. The quality of cleavage was checked by SDS-PAGE gel.
Because the Hise-tag was still attached to the N-terminal of the cleaved SUMO-tag, the
removed tags were expected to be in the fraction eluted from the resin at high concentration of
imidazole, whilst the untagged protein that was not able to interact with the resin was

expected in the FT.
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5.9 Oligonucleotide Preparation

The annealing of the oligonucleotides used for the biochemical and biophysical experiments
(see Tables 5.7, 5.8 and 5.9) was performed in either 25 mM HEPES pH 7.6, 100 mM KCI or
25 mM HEPES pH 7.6, 100 mM LiCl buffer at 95 °C for 10 min, following slow-cooling to
RT, O/N. ¢-MYC, ssDNA (c-MYC mutant) and dsDNA used for BG4 validation were
annealed in 10 mM Tris-HCI pH 7.4, and 100 mM KCI buffer at 95 °C for 10 min, following
slow-cooling to RT, O/N.
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NAME

SEQUENCE (5’33’

(5°-Cy5) IDNA-1 5°-tail

ATAATTATAAATAAATAATGGGGCCGGGGGTGGGGTCGGCGGGGAAA

Complementary rDNA-1 5’-tail

TTTCCCCGCCGACCCCACCCCCGGCCCCTATTATTTATTTATAATTAT

(5°-Cy5) rDNA-2 5’-tail

ATAATTATAAATAAATAATAGGGTCGGGGGGTGGGGCCCGGGCCGGGG

Complementary rDNA-2 5’-tail

CCCCGGCCCGGGCCCCACCCCCCGACCCTATTATTTATTTATAATTAT

(5°-Cy5) rDNA No tail

GGGGCCGGGGGTGGGGTCGGCGGGGAAA

Complementary rDNA No tail

TTTCCCCGCCGACCCCACCCCCGGCCCC

(5°-FAM) ¢-KIT1 5’-tail

ATAATTATAAATAAATAATAGGGAGGGCGCTGGGAGGAGGGAAA

Complementary ¢-KIT1 5°-tail

TTTCCCTCCTCCCAGCGCCCTCCCTTATTATTTATTTATAATTAT

(5°-FAM) hTELO 5’-tail

ATAATTATAAATAAATAATGGGTTAGGGTTAGGGTTAGGGAAA

Complementary hTELO 5°-tail

TTTCCCTAACCCTAACCCTAACCCTATTATTTATTTATAATTAT

(5’-FAM) HRAS 5’-tail

ATAATTATAAATAAATAATATCGGGTTGCGGGCGCAGGGCACGGGCGAAA

Complementary HRAS 5°-tail

TTTCGCCCGTGCCCTGCCCTGCGCCCGCAACCCGATATTATTTATTTATAATTAT

(5’-FAM) c-MYC 5’-tail

ATAATTATAAATAAATAATTGGGTGGGTAGGGTGGGTAAA

Complementary ¢-MYC 5°-tail

TTTACCCACCCTACCCACCCATATTATTTATTTATAATTAT

(5’-FAM) ¢-MYC 3’-tail

AAATGGGTGGGTAGGGTGGGTATAATTATAAATAAATAATA

Complementary ¢-MYC 3’-tail

TATTATTTATTTATAATTATACCCACCCTACCCACCCATTT

(5>-FAM) ¢-MYC No tail

TGAGGGTGGGTAGGGTGGGTAA

Complementary ¢-MYC No tail

TTACCCACCCTACCCACCCTCA

(5’-FAM) ¢-KIT1 No tail

TGGGAGGGCGCTGGGAGGAGGG

Complementary ¢-KIT1 No tail

CCCTCCTCCCAGCGCCCTCCCA

FRET: (5’-FAM/3’-TAMARA) ¢-KIT1

AGGGAGGGCGCTGGGAGGAGGGGC

FRET: Complementary ¢-KIT1

GCCCCTCCTCCCAGCGCCCTCCCT

FRET: (5’-FAM/3’-TAMARA) hTELO

GGGTTAGGGTTAGGGTTAGGG

FRET: Complementary hTELO

CCCTAACCCTAACCCTAACCC

(57-Cy5) rDNA-1 3°-tail

AAAGGGGCCGGGGGTGGGGTCGGCGGGGATAATTATAAATAAATAATA

(5’-Cy5) rDNA-3 57-tail

ATAATTATAAATAAATAATAGGGAGGGAGACGGGGGGG

rDNA-2 No tail

AGGGTCGGGGGGTGGGGCCCGGGCCGGGG

rDNA-3 No tail

AGGGAGGGAGACGGGGGGG

rDNA-1 3bp tail at 5°

ATAGGGGCCGGGGGTGGGGTCGGCGGGGAAA

rDNA-1 5bp tail at 5

TAATAGGGGCCGGGGGTGGGGTCGGCGGGGAAA

rDNA-1 10bp tail at 5°

ATAAATAATAGGGGCCGGGGGTGGGGTCGGCGGGGAAA

rDNA-1 3bp tail at 3’

AAAGGGGCCGGGGGTGGGGTCGGCGGGGATA

rDNA-1 5bp tail at 3°

AAAGGGGCCGGGGGTGGGGTCGGCGGGGATAAT

rDNA-1 10bp tail at 3°

AAAGGGGCCGGGGGTGGGGTCGGCGGGGATAATAAATA

Table 5.7. Oligonucleotide sequences. The tail end of the oligonucleotide is indicated in red.
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NAME SEQUENCE (5°=>3")

rDNA-1 G4 template TCTGCTTTGGGAACCCGAGAGGAGCGCTTATGGGGCCGGGGGTGGGG
TCGGCGGGGGACTCAGCCGAGCAGCCGAGCACTCTAGCTCTAG

rDNA-4 G4 template TCTGCTTTGGGAACCCGAGAGGAGCGCTTATGGGTGGCGGGGGGGAG
AGGGGGGGACTCAGCCGAGCAGCCGAGCACTCTAGCTCTAG

Primer (Cy5) CTAGAGCTAGAGTGTCGGC

rDNA-5 bimolecular 5°-tail TAATAGGGGCCGGGGGTGGGGT

(5’-Cy5) ssDNA GGCATAGTGCGTGGGCG

(57-Cy5) O. nova G4 5’-tail ATAATTATAAATAAATAATGGGGTTTTGGGG

Complementary Q. nova G4 5’-tail | CCCCAAAACCCCATTATTTATTTATAATTAT

(5°-Cy5) rDNA-1 mut. 5’-tail ATAATTATAAATAAATAATAGGTGCCGTGGTTGGTGTCGTCGGTGAAA

Table 5.8. Oligonucleotide sequences. The complementary nucleotides between the primer and the
sequences used for the polymerase stop assay are indicated in green. The G4-forming sequence within

the oligonucleotides used for polymerase stop assays is reported in blue, and the tails are reported in

red.
NAME SEQUENCE (5°23?)
c-MYC TGAGGGTGGGTAGGGTGGGTAA
ssDNA GGCATAGTGCGTGGGCG
Complemetary ssDNA CGCCCACGCACTATGCC

Table 5.9. Oligonucleotide sequences used to validate the BG4 antibody.
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5.10 Agarose Gel

Gels were prepared in 50 ml final volume following the recipe reported in Table 5. The
solution was boiled for three min using a microwave and poured into a 10 cm x 10 cm

horizonal tray with a 10-well comb, and left to dry for at least 60 min at RT prior to use.

Then, 10 pl of each sample was mixed with 2 pl 6X purple gel loading dye either with or
without SDS (New England BioLab). When used, 1 ul of DNA ladder (either 50 bp or 1 kb
DNA Ladder, New England BioLab) was mixed with 9 pl of milliQ water and 2 pl of the
selected 6X purple gel loading dye.

Gels were run at a constant voltage (either 80 V or 100 V) for 50-90 min in 1X Tris-borate-
EDTA buffer (Thermo Scientific™) and visualised by G:BOX F3 set to detect Gel-red. For
fluorophore-labelled samples, gels were scanned on a GE Typhoon imager (Cytiva) set to

detect the desired fluorophore.

0.6% agarose 0.8% agarose 1.5% agarose 3% agarose
Agarose 03g 04¢g 0.75¢g 15¢g
Gel-Red (3X) 16.7 ml 16.7 ml 16.7 ml 16.7 ml
(Biotium)
TBE (10X) 5ml 5 ml 5ml 5 ml
Up to 50 ml with
milliQ water

Table 5.10. Agarose gel recipe with different percentages of agarose.

5.10.1 NMM Staining

For the N-methylmesoporphyrin IX (NMM) staining, a 0.6% agarose gel (see Table 5.10) was
loaded with 10 upl of pre-annealed oligonucleotides (see Tables 5.7 and 5.8 for the
oligonucleotide sequences used) at final concentrations of 10 uM and run for 50 min in 1X
TBE at 100 V. The gel was then incubated in 50 ml 1X TBE containing 2 ul NMM (from
original stock of 10 mM) for 30 min, at RT with gentle shaking. Then, the gel was washed for
20 min in 1X TBE at RT and gentle shaking, and visualised by GE Typhoon imager (Cytiva)
set to detect EtBr.
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5.11 Polyacrylamide EMSA

EMSA reactions (10 pl) were prepared by mixing 25 nM of pre-annealed fluorophore-labelled
oligonucleotide in the presence of increasing concentrations of protein in 1X Reaction buffer.
The Reaction buffer used for the BG4 EMSAs contained: 10 mM Tris-HCI pH 7.4, 1 mM
EDTA, 0.1 mg/ml BSA, 100 mM KCI, and 0.02% Tween-20 (BG4). The Reaction buffer
used for CSB EMSAs was composed by 20 mM HEPES pH 8.0, 40 ng/ul BSA, 1 mM DTT, 1
mM MgClz, and 100 mM KCI (or LiCl). The samples were incubated for 30 min either at RT
(BG4) or at 30°C (CSB). After 30 min incubation, 2 ul of 50% glycerol was added into each
reaction before loading the gel with 10 pul of the sample.

A 6% polyacrylamide gel was prepared (8.8 ml 2X TBE, 7 ml 30% acrylamide 29:1, 280 ul
10% APS, and 35 pl TEMED (4X gels)) and pre-run at 100 V for 15 min in 0.5X TBE. The
gel was run in 0.5X TBE, 100 V, for approximately 30-35 min at RT and visualised by GE
Typhoon imager (Cytiva) set to detect the correct fluorophore. Quantification of gel bands

was processed using ImageJ software.
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5.12 CSB Agarose EMSA

The final volume required for each EMSA reaction was 10 pl. Each sample was prepared by
adding 0.5 pl (25 nM final concentration) of pre-annealed fluorophore labelled nucleotide (see
section 5.9), 2.5 pul EMSA reaction buffer 4X (20 mM HEPES pH 8.0, 40 ng/ul BSA, | mM
DTT, 1 mM MgClz, and 100 mM KCI or LiCl), and increasing concentrations of either CSB-
FL or CSB-HD. The reactions were incubated for 30 min at 30 °C and then supplemented
with 2 pl of either 50% glycerol or 6X no SDS-purple gel loading dye (New England
BioLabs). Samples were then separated on a pre-run 0.6% agarose gel in 1X TBE buffer with
the electrophoretic run set at 100 V for 50 min at RT. Gels were visualised by GE Typhoon
imager (Cytiva) set to detect the desired fluorophore. Quantitation of the gel bands was
achieved using ImagelJ software and, data analysis was performed with GraphPad Prism 9.0.1

using one-site specific binding equation and 95% CI (see section 2.2).
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5.13 Competitive EMSA

The competitive EMSAs were performed following the same protocol as the standard
described in Section 5.12. However, in this case, the concentration of CSB-HD was kept
constant (2 nM). Samples were incubated 30 min prior to adding increasing concentrations
(from 0 to 5 uM) of the selected G4-ligand (either PDS or CX-5461) diluted in milliQ water.
Samples were incubated at 30 °C for an additional 2 h before the addition of 2 pl of 6X no
SDS-purple gel loading dye to each reaction (New England BioLabs). Samples were then
separated on a pre-run 0.6% agarose gel in 1X TBE at 100 V for 50 min, at RT, and gels were

visualised using a GE Typhoon imager.
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5.14 Gel-based Resolvase Assay

Each sample for the resolvase assay was prepared in a 20 pl volume by mixing 5 pl of 4X
Resolvase reaction buffer (20 mM HEPES pH 8.0, 40 ng/ul BSA, 1 mM DTT, 1 mM MgCl.,
and 25 mM KCI), 1 nM of G4 and 5X fold excess of the unlabelled complementary strand in
milliQ water. Following, 10 nM (or 20/40 nM) of either CSB-FL or CSB-HD were added into
each sample and incubated at 30 °C for different times (0.5-40 min or 160 min/O/N).
Reactions were then stopped with 5 pl of Stop solution (0.5% SDS, 50 mM EDTA in milliQ
water) and separated using pre-run 10% polyacrylamide (19:1 acrylamide-bisacrylamide) gels
at 100 V for 1 h in 0.5X TBE. The gel recipe is reported in Table 5.11. Gels were visualised
using an GE Typhoon imager (Cytiva) set to detect the desired fluorophore. Quantitation of

the gel bands was performed using ImagelJ software and analysed with GraphPad Prism 9.0.1.

10% polyacrylamide gel

Acrylamide/Bis 19:1, 40% 3.75 ml
(w/v) solution

TBE (5X) 2.4 ml

APS 10% 200 pl

milliQ water 5.65 ml

Table 5.11. Recipe for 2X 10% resolvase polyacrylamide gels.
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5.15 FRET-based Resolvase Assay

The FRET-based Resolvase assay was performed at 25 °C in 100 mM KCI, 25 mM Tris-HCI
pH 7.4 buffer containing either 50 nM of pre-annealed 5’-FAM, 3’-TAMRA -labelled hTELO
or 50 nM of pre-annealed 5’-FAM, 3’-TAMRA -labelled c-KIT1 oligonucleotides (see
Section 5.9). The reaction mixtures were supplemented with 5 mM ATP (where applicable)
and 10 nM of either CSB-FL or CSB-HD. The unfolding reactions were triggered by the
addition of 250 nM complementary DNA sequence at time (t)=0. The reactions were
performed using a BMG Labtech Clariostar Plus instrument, where samples were excited at
488 nm wavelength with an 8 nm excitation slit and emission measured at 518 nm with an 8
nm emission slit at regular time points. The increasing donor fluorescence signal (FAM) at
518 nm was measured to determine the unfolding progression. Data were normalised by
subtracting the t=0 signal. All the experiments were performed in triplicates and data were
analysed by GraphPad Prism 9.0.1 using single-exponential decay functions. The 95%
confidence intervals for apparent rate constants (Kapparent) and half-lives (reported in seconds,

s) were obtained using constraints as: y0=0 and plateau=100.
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5.16 Polymerase Stop Assay

Polymerase stop assays were adapted from a reported protocol *®. Each reaction was
prepared in a PCR tube by adding 8 ul of 1X NEB buffer 1 (New England BioLabs)
supplemented with either 100 mM KCI or 100 mM LiCl. Then, 500 nM of the template
oligonucleotide and 50 nM of 5’-Cy5 fluorophore-labelled primer were added to the tube and
annealed at 95 °C for 5 min following slow cooling at RT, O/N. The sequences used for these
assays are reported in Table 5.8. After the annealing, 1 pul of either CSB-FL or CSB-HD at the
final concentration of 0.5 nM, 5 nM or 50 nM was added to the annealed material and
incubated at 37 °C for 30 min prior to adding 1 pl of Polymerase mix containing 89 pl 1X
NEB buffer 1, 10 ul 10 mM dNTP mix (New England BioLabs) and 1 pl Klenow fragment®™°~
(New England BioLabs). The reactions were incubated at 37 °C for 2 h and then stopped with
20 pl of 2X orange gel loading dye (New England BioLabs). The samples were boiled at 95
°C for 5 min and 7 pl of each sample was run on a pre-run 15% TBE-Urea gel at 300 V for
25min in 1X TBE, RT. The recipe for the 15% TBE-Urea gel is reported in Table 5.12. Gels
were visualised using GE Typhoon imager (Cytiva) set to detect Cy5, processed and analysed

using ImageJ software and GraphPad Prism 9.0.1, respectively.

15% TBE-Urea gels
Urea 10g
TBE (10X) 2ml
Acrylamide/Bis 19:1, 7.48 ml
40% (w/v) solution
APS 10% 160 pl
TEMED 20 pl
milliQ water 10.34 ml

Table 5.12. Recipe for preparing 2X 15% TBE-Urea gels
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5.17 CD Analysis

CD spectra of 10 uM final concentration of pre-annealed oligonucleotides (see Section 5.9)
were recorded at 25 °C on a JASCO J-810 circular dichroism spectrophotometer using a 1
mm path length quartz cuvette. The final recorded spectra represented the average of three
different reads where the absorbance of the buffers (25 mM HEPES pH 7.6, 100 mM KCI, or
LiCl) was subtracted. The CD measurements were performed over a range of 200-320 nm
using a response time of 2 sec, Inm pitch and 0.5 nm bandwidth, and analysed using

GraphPad Prism 9.0.1.
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5.18 Restriction-Free Cloning to Insert CSB-HD
Nucleolar Sequence Into pEGFP-1C Vector

The CSB-HD containing both NoLS1 and NLS1 from the full-length CSB sequence!”
(residues: 285-1,009; 2,175 bp) was inserted into a pEGFP-1C empty vector for mammal
expression by RF-cloning using Forward primer 3 and Reverse primer 3. The sequence of the
primers used is reported in Table 5.13. The sequences were designed using the online rf-

cloning.org service and purchased from Merck Life Science UK.

The RF-cloning protocol used followed the same steps of the protocol reported in Section 5.6.
The components of the first and second PCR reactions and their thermal profiles are shown in

Table 5.14 and Table 5.15, respectively.

Sequence (5’-3’)

Forward 3 | AGCTGTACAAGTCCGGACTCAGAAAGAAGCAAGGTTGTAATAAAAGAG

Reverse 3 | GCAGAATTCGAAGCTTGAGCTCGAGAAGGACTAGTCAGAGTAAATAGCTCA

Table 5.13. Nucleotide sequence of the primers using to insert CSB-HD (285-1,009) into pEGFP-1C
empty vector by RF-cloning.

RFIPCR 1x Program
Initial

5x Phusion HF Buffer 10 denaturation 98 °C 30 sec x1

dNTPs (10mM) 1w

FW primer (10uM) 25 u Denaturation 98 °C 8 sec

RV primer (10pM) 25 u Annealing 55°C 22 sec x35

DNA template (300ng/ 90 sec

ul) 1w Extension 72 °C (30s/kb)

Phusion polymerase 0.5

32.

diH20 5 u Final extension 72 °C Smin x1
Hold 4°C )

total 50

Table 5.14. Sample composition and thermal profile of the first PCR step (4X different reactions) to
generate the CSB-HD (285-1,009) megaprimer.
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RF II PCR 1x Program

5x Phusion HF Buffer 4 pl Initial denaturation 95 °C 2 min x1
dNTPs (10mM) 04
Plasmid (180ng/ul) 04 ul Denaturation 98 °C 30 sec

MegaPrimer (139.8

ng/ul) 3 pl Annealing 61°C 1 min x18
Phusion polymerase 02 ul Extension 72°C 12 min
diH20 12 ul
Final extension 72 °C 5 min x1
total 20 ul Hold 4°C 0

Table 5.15. Sample composition and thermal profile of the second PCR step to insert the CSB-HD
(285-1,009) megaprimer into pEGFP-1C empty vector.

After the second PCR, 3 pul of Dpnl enzyme was added into the product and incubated at 37
°C for 1 h. Then, 2 pl of the treated PCR product was transformed into a 50 ul NEB-H5a cell
following the supplier’s heat shock protocol. The cells were then plated on LB-agar plates
supplemented with 50 pg/ml kanamycin. The colonies were expanded in LB-broth (Fisher
BioReagents) supplemented with 50 pg/ml kanamycin at 37 °C, 200 rpm, O/N. Finally, the
pEGFP-1C_CSB-HD (285-1,009) plasmid was extracted from the cells using miniprep
(PureYield™, Promega) following the supplier’s protocol. The final plasmids were then
linearised by enzymatic digestion using Ndel restriction enzyme (New England BioLabs). For
this, 1 ul of the enzyme was added into 50 pl reaction composed by 1-5 pg of plasmid, 5 pl
10X NEB buffer, and milliQ water. The reactions were incubated at 37 °C for 1 h. The
reactions were then run on 0.8% Gel-red-agarose gel and the size of the linearised plasmids
was compared to the size of the linearised recipient vector. The products that corresponded to

the insertion size by gel were sent for Sanger sequencing for quality check.
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5.19 Cellular Maintenance

HeLa cells were grown in high glucose Dulbecco’s Modified Eagle Medium (DMEM) media
(Sigma-Aldrich) supplemented with 10% FBS at a cellular density of 1.5-1.7x10° using T75
flasks for adherent cells. Cells were maintained in a cell culture incubator at 37 °C, 5% CO:2
and passaged every three or four days. Media was replaced with fresh media every two days.

Cells were detached from the flask using 2 ml 0.25% trypsin solution for 5 min.

CS1AN cells were grown in DMEM media (Sigma-Aldrich) supplemented with 10% FBS
and 2 mM glycine at a cellular density of 1.2—-1.4x10° cells/ml using T75 flasks for adherent
cells. Cells were maintained in a cell culture incubator at 37 °C, 5% COz2, and passaged every
three or four days. Media was replaced with fresh media every two days. Cells were detached

from the flask using 2 ml 0.05% trypsin solution for 5 min.
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5.20 Cellular Transient Transfection

Both HeLa and CS1AN cells were seeded for 24 h in 8-well chamber slides (0.8cm?/well;
size: 25 x 75mm, Nunc™ Lab-Tek® Chamber Slide™) at cellular densities of 0.4x10°
cells/ml or 0.5x10° cells/ml, respectively. After incubation, cells were transfected with the
desired plasmid (pEGFP-1C-CSB-HD or empty pEGFP-1C vector) using FuGENE HD
Transfection Reagent (Promega). The transfection mixture was prepared by adding: 4 pl
plasmid (500-600 ng/pl) and 6 pul FuGENE reagent in 90 pl serum-free media, following
incubation for5 min at RT. Then, 15 pl of the transfection mixture was added in the selected

wells of the plate containing the seeded cells, and incubated at 37 °C with 5% COz for 48 h.
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5.21 Cell Treatment with G4-Ligands

After 24 h from transfection, the selected cells were treated with either 10 uM PDS or 1 uM
CX-5461 small molecules. The small molecules were directly diluted into each well to reach

the desired final concentrations. Cells were incubated for an additional 24 h prior to fixation.
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5.22 Cellular Fixation and Imaging

The growing media was removed from the wells, and cells were carefully washed twice with
250 ul of 1X PBS. Then, the cells were fixed using 150 pul 4% Paraformaldehyde diluted in
1X PBS for 10 min at RT. The cells were then rinsed with 250 ul 1X PBS prior to
permeabilization using 150 pl of 1X PBS supplemented with 0.1% Triton-X for 10 min at RT.
The cells were washed twice with 250 pl PBS and the cell nuclei were stained using 150 pl
Hoechst 33342 (Invitrogen) diluted to 1 pg/ml in PBS for 15 min. Finally, cells were rinsed
three times with 1X PBS prior to confocal imaging. The images were acquired using a Nikon
Ti2 Microscope (objective magnification: 60x, oil). EGFP signal (EmW:515.0 nm, ExW:470
nm) was selected to identify cellular localisation of CSB-HD (285-1009), while the cell nuclei
were detected using Hoechst 33342 staining (EmW:432.0 nm). Cellular images were analysed
by NIS element viewer (Nikon) and ImageJ programs and quantified using GraphPad Prism
9.0.1. Each cellular experiment was performed in two independent biological replicates, each
consisting of two technical replicates. The quantification was performed on eight different

images for each replicate.
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5.23 BG4 Antibody Production

The expression and purification steps required to produce BG4 antibody were optimised from
previously reported protocols ¢>7D. pSANG10-3F-BG4 expression plasmid was transformed
in BL2I(DE3) pLysS Competent Cells (Promega) following the supplier’s heat shock
protocol. Bacteria cells were expanded in 2XTY media supplemented with 2% glucose and 50
pug/ml kanamycin at 37 °C, O/N. Subsequently, 23 ml of the bacteria growth was inoculated in
1 1 of autoinduction media (8X 1) supplemented with kanamycin (MagicMedia™ E. coli
Expression Medium, Invitrogen) and incubated for 6 h at 37 °C. Then, the temperature was
decreased to 18 °C and the mixture was agitated at 200 rpm for 24 h. The cell culture was
spun down at 4,000 xg for 30 min at 4 °C and the pellet was resuspended in TES buffer (50
mM Tris-HCI pH 8.0, 20% sucrose, and 1 mM EDTA) supplemented with EDTA-free
protease inhibitor tablets (Sigma-Aldrich) for 15 min at 4 °C. Then, a diluted TES (1:5) buffer
supplemented with 2 mM MgClz and 10 pl of Benzonase was added to the lysate. The lysate
was gently stirred for 30 min at 4 °C prior to 20 min centrifugation at 8,000 xg (4 °C). The
soluble fraction was then incubated with 10 ml pre-equilibrated HisPur™ Cobalt Resin for
his-tag affinity purification (Thermo Fisher Scientific) and stirred for 30 min at 4 °C. The
resin was washed twice with 3CV Wash buffer (PBS pH 8, 100 mM NacCl, and 10 mM
Imidazole). Finally, BG4 was eluted using 3CV Elution buffer (PBS pH 8.0, and 250 mM
Imidazole). The eluate was diluted to 500 ml to decrease the imidazole concentration and
directly loaded on 5 ml HiTrap Heparin High Performance column (Cytiva life sciences)
equilibrated with Heparin buffer A (25 mM HEPES pH 7.6, 100 mM KCI) for the second
affinity purification. The protein was diluted using a linear gradient (0-100%) of Heparin
buffer B (25 mM HEPES pH 7.6, and 1 M KCl). The heparin fractions containing BG4 were
further purified using a pre-equilibrated Superdex 75 10/300 GL SEC column (Cytiva life
sciences) and eluted in Inner Cell Salt buffer (25 mM HEPES pH 7.6, 110 mM KCI, 10.5 mM
NaCl, and 1 mM MgCl2). The quality of the protein was evaluated by 12% SDS-PAGE.
Finally, the antibody was concentrated using Amicon device 10K (Merck Millipore) and
stored at -20 °C.
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5.24 BG4 ELISA

The day before, biotinylated oligonucleotides (Table 5.9) were annealed to 500 nM final

concentrations, as indicated in Section 5.9.

A streptavidin-coated plate (Life Technologies) was washed three times with 200 ul of PBS.
The wells of the plate were then hydrated for 30 min with 200 pl PBS at RT.

The biotinylated oligonucleotides were diluted to 50 nM in annealing buffer (see Section 5.9).
Then, 200 ul of each diluted oligonucleotide was added into each well and incubated for 1 h
at RT, shaking at 450 rpm (no oligonucleotide was added in the 11

buffer). The plate was washed three times with 200 pl of ELISA buffer (100 mM KCl, 50 mM

column of the plate but

H2KPOs4), shaking the plate for 1 min at 450 rpm during each wash.

The wells were then treated with 100 pl Block buffer (50 ml of Blocking buffer prepared by
dissolving 1.5 g of BSA in ELISA buffer) for 1 h at RT. Meanwhile, a stock dilution of 200
nM BG4 was prepared. The blocking buffer was discarded from the wells, and replaced with
100 pl of fresh Blocking buffer, except for the first well. Following, 200 pl of the diluted BG4
was added into the first well. Serial dilutions of the antibody were added into each well by
taking 100 pl of BG4 out from the first well and transferring it into the next well, pipetting up
and down and repeating. To maintain the volumes consistent across the plate, 100 pl volume

was removed from the last well. No BG4 was placed in the 12" column. The plate was then

incubated for 1 h at RT.

After incubation, the samples were removed from the wells and the plate was washed three
times with 200 pl ELISA buffer supplemented with 0.1% Tween-20, 1 min per wash, 450
rpm. The plate was then incubated with 100 ul of HRP-antibody (ab1238, ABCAM, UK)
diluted at 1:20,000 in Blocking buffer for 1 h at RT.

The samples were discarded, and the plate was washed with 200 pl ELISA buffer
supplemented with 0.1% Tween-20 three times for one min per wash at 450 rpm. The plate
was dried carefully prior to the addition of 100 pl TMB (HRP substrate, Thermo Scientific)
for at least 2 min. Finally, 50 pl of H2SO4 was added into each well.
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The absorbance was measured at 450 nm and the data were plotted using one site-specific

binding equation on GraphPad Prism 9.0.1 (see Section 2.2).

5.25 BG4 Immunofluorescence

The BG4 immunofluorescence protocol used was adapted from R. Hénsel-Hertsch and co-
workers’!. After fixation (described in Section 5.22), cells were blocked using 150 ul of
Immunofluorescence block buffer (5% milk in PBS-T) for 1 h, in a humidity chamber at 37
°C. After incubation, the block buffer was aspirated and the cells were incubated with 150 pl
of purified BG4 antibody diluted 1:100 in Immunofluorescence block buffer for 1 h at 37 °C,
in the humidity chamber. Cells were then rinsed three times (5 min per wash) with 250 pl
PBS-T at RT and incubated with 150 pl of rabbit anti-FLAG antibody (Cell Signalling
Technology, #2368) diluted to 1:800 in Immunofluorescence block buffer for 1 h at 37 °C, in
the humidity chamber. Cells were washed again three times (5 min per wash) with 250 pl
PBS-T at RT. Cells were then incubated with 150 pl of Rhodamine anti-rabbit IgG (H+L)
(Life Technologies, #R6394) antibody diluted 1:800 in Immunofluorescence block buffer for
1 h at 37 °C, in the humidity chamber. Then, cells were rinsed three times (5 min per wash)
with 250 pl PBS-T at RT. The second wash contained Hoechst 33342 (Invitrogen) diluted
1:10000 in PBS-T. Finally, cells were rinsed three times with milliQ water and cellular
imaging, performed using Nikon Ti2 Microscope (objective magnification: 60x, oil). Cellular
localisation of CSB-HD (285-1,009) was detected by EGFP signal (EmW:515.0 nm,
ExW:470 nm), BG4 staining was identified by Alexa Fluor 594 (EmW:624 nm; ExW:555
nm) signal, whilst the cell nuclei were detected using Hoechst 33342 staining (EmW:432.0
nm). Each immunofluorescence experiment was performed in two independent biological
replicates, each consisting of two technical replicates. The quantification was performed on

eight different images for each replicate.
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5.26 Statistical Analysis
5.26.1 Resolvase Assays

Each experiment was performed in triplicates and analysed using GraphPad Prism 9.0.1. Data
were presented as the mean = SD between triplicates and statistical significance between two
groups (presence/absence of CSB) was calculated based on a two-way Student’s -test 49,
where the statistically significant difference was defined as p<0.05. The percentage of dsDNA
formation was calculated from the ratio between the intensity of the newly formed dsDNA

bands and fast-running G4 bands either in the presence or absence of CSB (-FL or -HD).

5.26.2 Cellular Localisation

Each experiment was performed in two biological and two technical replicates. The
percentage of cells showing nucleolar localisation was calculated from the ratio between the
number of cells with CSB-positive nucleoli and the total number of nucleoli present in the
image. Statistically significant differences between the percentage of cells showing nucleolar
localisation of CSB in the presence or absence of G4-ligands were calculated from eight
different cellular images for each replicate using a paired two-tailed Student’s #-test.

Statistically significant difference was defined at p<0.05.

5.26.3 BG4 Immunofluorescence

The percentage of cells that lack nucleolar BG4 staining was calculated from the ratio
between the number of nucleoli that lack BG4 staining and the total number of nucleoli
(brightfield signal) observed in the microscopy image. Eight different images were collected
for each tested condition. The percentage of cells lacking nucleolar BG4 was calculated for
either CS1AN, CS1AN transfected with CSB-HD (285-1,009), and HeLa cells. Each
experiment was performed in two technical and two biological replicates. The statistical
significance (p<0.05) between the data was calculated using a two-way Student’s #-test on

GraphPad Prism 9.0.1 software.
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